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SUMMARY 

In  ground  effect,  the  propulsive  lift  system  induced  aerodynamics 
experienced  by  Y/STDI  aircraft  can  significantly  degrade  the  aircraft  lift 
capability  as  well  as  the  stability  and  eontrol.  In  addition,  for  operations 
at  sea,  the  ship  motion  will  cause  fluctuations  in  these  induced  forces  and 
moment s . 

To  investigate  those  effects,  the  induced  aerodynamics  of  multi-jet' 
V/STOl,  aircraft  con ! igurnt i ons  were  experimentally  evaluated  in  the  dynamic 
environment  of  a moving  deck  as  well  as  at  static  hover  conditions.  A 
variety  of  model  configurations  representative  of  advanced  subsonic  and 
supersonic  V/STOL  aircraft  were  tested  in  the  MCAIR  Propulsion  Subsystem 
Test  Facility  utilising  the  Jet  Interaction  Test  Apparatus  and  Deck  Motion 
Simulator . 

Dynamic  effects  were  assessed  for  heaving,  pitching,  and  railing  motions 
of  the  deck  over  a range  of  deck  heights,  amplitudes,  and  frequencies. 

Further,  the  dynamic  data  were  analyzed  statistically  to  determine  the  fre- 
quency content  and  phase  relationships  between  the  deck  motions  and  the 
aerodynamic  responses.  Several  configuration  effects  were  also  assessed  in 
the  test  program  including  the  effects  of  wing  height,  fuselage  contouring, 
lift  improvement  devices,  and  nozzle  arrangement.  Kmpirical  procedures  were 
defined  to  aid  in  predicting  the  dynamic  jet-induced  forces  and  moments 
resulting  from  deck  motion.  In  this  effort,  comparisons  were  made  between 
predictions  based  on  static  hover  data  and  the  actual  dynamic  response  data. 

Significant  results  relating  primarily  to  the  effects  of  deck  motion  are 
summarized  uelov: 


1 


4 


i 


i 


o The  responses  of  the  jet-induced  force  and  moment  data  to  deck 
motion  are  of  a complex  periodic  nature  at  the  same  and/or  multi- 
ples of  the  deck  motion  frequency. 
o The  force  and  moment  variations  predicted  from  static  hover  data 
can  differ  significantly  from  the  actual  dynamic  data  particularly 
for  combined  motions  (e.g. , heave  and  roll), 
o Simulation  of  the  model  lower  Surface  contouring  is  important, 
particularly  in  the  fountain  impingement  region., 
o The  induced  lift  resulting  from  fountain  impingement  increases  as 
the  deck  heaves  toward  Lite  model  . 

o The  fountain  appears  to  have  the  largest  Impact  on  the  force  and 


o 


For  a configuration  witli  high  suckdown  in  ground  effect,  an  increase 
in  lift  loss  occurs  when  the  deck  heaves  away  from  the  model, 
o The  deck,  motion  frequency  lias  little  effect  on  the  statistical 
aerodynamic  response  but  can  affect  the  instantaneous  response 
characteristics. 

o Properly  designed  LID's  can  significantly  enhance  the  induced 
lift  even  at  substantial  deck  roll  angles. 

Configuration  design  and  model  testing  guidelines  for  V/STOL  aircraft 
are  described  based  upon  the  data  obtained  in  this  program.  Recommendations 
are  also  made  for  further  research  to  extend  the  empirical  data  base  and  to 
provide  additional  information  required  to  develop  generalized  prediction 
procedures. 


INTRODUCTION 


Operation  of  V/STOL  aircraft  from  ships,  particularly  froti  small 
iu-n-.ivi.it  ion  typo  ships,  such  us  the  Dl.Wi  j class  dcstruyci',  presents  problems 
duo  to  Lhe  ship  notion  and  the  flow  fie Id  conditions  in  Lite  landing  area.  in 
pmximitv  to  the  landing  area,  the  lift  system  induced  aerodynamics  experienced 
by  V/STOL  aircraft  can  significantly  degrade  tiie  aircrafL  lift  capability  as 
well  as  Lite  stability  and  control.  The  motion  of  the  ship  and  the  wind  condi- 
tions cause  fluctuations  in  these  induced  forces  and  moments,  further  compli- 
cating V/STOL  aircraft  take-off  and  recovery  operations. 

The  majority  of  existing  induced  aerodynamic  data  are  for  static  hover 
conditions  and  cannot  be  used  to  assess  the  effects  of  deck  motion.  There- 
fore, McDonnell  Aircraft  Company  (MCA1R)  conducted  an  investigation  under 
contract  to  the  Naval  Air  Development  Center  (NAJ)C)  to  parametrically  evalu- 
ate the  jet-induced  aerodynamics  of  typical  advanced  V/STOL  aircraft  above  a 
moving  platforn  ns  well  as  at  static  hover  conditions.  This  investigation  was 
performed  without  the  added  complexity  introduced  by  wind 

A parametric  test  program  was  conducted  in  the  MCA IK  Propulsion  Subsystem 
Test  Facility  in  Februa  ry-Mat'ch  1978,  using  both  fully  contoured  and  simple 
flat  plate  plantorm  models  representative  of  subsonic  and  supersonic  V/STOL 
aircraft  configurations.  The  jet-induced  forces  and  moments  acting  on  the 
airframe  models  were  measured  with  a six-componenL  forte  balance.  The  MCA III 
Deck  Motion  Test  Apparatus  was  used  to  simulate  both  simple  one  axis  deck 
motions  such  as  heave  and  complex  multi-axis  motions  such,  as  combined  heave 
and  roll.  Simple  sinusoidal  deck  motions  were  used  to  represent  the  ship 


Tests  were  performed  over  a range  of  deck  motion  amplitudes  and  fre- 
quencies, representing  responses  to  moderate  to  rough  sea  conditions.  Con- 
figuration variables  included  wing  height,  nozzle  spacing  and  arrangement, 
and  model  surface  contouring.  The  tests  thus  provide  an  extensive  data  base 
on  jet-induced  aerodynamics  both  for  static  hover  conditions  and  for  dynamic 
conditions  with  deck  motion. 

Following  the  test  program,  the  force  and  moment  data  were  analyzed  to 
assess  i lie  effects  of  deck  motion,  to  compare  the  dynamic  and  static  hover 
data,  and  to  evaluate  the  effects  of  the  configuration  variables.  Statistic;: 


•irUMiir**  £ Hiateitrili  fcxuduo*&u» — u as.i, . ti/eCLi , Hal. 


analyses  were  used  to  determine  the  frequency  content  uf  the  dynamic  response 
vial  i and  the  phase  relationships  between  the  deck  no Li  on  and  the  measured 
response  of  the  models.  Parametric  data  plots  were  generated  to  assist  in 
the  prediction  el  the  jet-induced  forces  and  moments  acting  on  typical  V/STUI. 
plan  forms,  laapirical  approaches  to  the  prediction  of  the  dynamic  response 
to  dock  motion  were  also  defined.  In  addition,  guidelines  relating  to  general 
V/S'i’OL  aircraft  design  and  model  testing  were  derived  from  the  test  results. 

Descriptions  of  the  models  and  the  test  equipment  as  well  as  the  test 
program  are  provided  in  Sections  2 and  3.  The  data  reduction  procedures  in- 
volved in  computing  the  induced  forces  and  moments  are  discussed  in  Section 
•'*  for  both  static  hover  and  dynamic  deck  motion  conditions.  Tile  results  are 
presented  in  Section  5 and  conclusions  and  recommendations  in  Section  6.  In 
Volume  II,  a summary  of.  the  test  runs  is  given  in  Appendix  A and  the  basic 
static  and  dynamic  induced  force  and  moment  data  are  presented  in  Appendices 
11  and  C. 


2.  MOHIILS  AM)  I'l-ST  FACILITY 


Small  .scale  models  representative  ui  both  subsonic  and  supersonic  V/STOL 
aircraft  configurations  were  LesLed  in  the  .let  Interaction  Test  Apparatus  of 
t!ie  MCA  IK  Propulsion  Subsystem  Test  Facility.  The  models,  instrumentation, 
amt  lest  equipment  used  in  the  measurement  of  the  jet-induced  forces  and 
moments  are  described  below. 

2.1  SUBSONIC  V/STOL  MODELS  - Two  subsonic  V/STOI.  models  were  tested,  a fully 
contoured  3-D  model  (Configuration  1)  and  a 2-1)  planform  model  (Configuration 
2)  as  shown  in  Figures  2-1  and  2-2.  These  models,  approximately  5%  scale, 
have  identical  planforms  to  simulate  the  same  advanced  full  scale  vehicle 
illustrated  in  Figure  2-3.  The  aircraft  represented  lias  a lift  fan  in  the 
forward  fuselage  and  two  lift/cruise  fans  mounted  above  tiie  wings.  Detail 
dimensions  for  the  model  are  given  in  Figure  2-4. 

The  fully  contoured  model,  Configuration  1,  can  also  be  configured  as  a 
modified  planform  model  with  a contoured  lower  fuselage  and  wings,  as  shown 
in  Figure  2-5.  This  is  accomplished  by  removing  the  upper  fuselage  section 
and  adding  a simple  planform  extension  to  simulate  the  aft  fuselage  and  tail. 
The  horizontal  tail  is  raised  to  simulate  a high  tail.  Lift  improvement 
devices  (LId's)  can  be  mounted  on  Configuration  1 consisting  of  two  longi- 
tudinal strakes  and  a lateral  fence  which  are  designed  to  increase  the  lift  in 
ground  effect  by  trapping  the  fountain  upwash.  Wing  pods  can  be  installed  on 
each  wing  to  simulate  stores.  The  LID's  and  pods  are  illustrated  in  Figure 
2-6.  Hie  model,  as  tested,  has  simple  circular  nozzles  as  shown  in  Figure 
2-1.  Yaw  vanes  can  be  provided  in  the  rear  nozzles  and  both  pitch  and  yaw 
vanes  in  the  front  nozzle  as  shown  in  Figure  2-7. 

The  2-D  planform  subsonic  V/STOL  model,  Configuration  2,  was  designed 
in  a modular  fashion  to  allow  a wide  range  of  parametric  testing.  With  this 
model,  the  wings  can  be  mounted  in  low,  mid,  and  high  positions.  Tlu  2-D 
planform  tail  can  be  mounted  in  either  a low  or  raised  position. 

An  inner  region  plate  model  was  tested  to  a limited  extent  to  separate 
the  forces  acting  on  the  center  fuselage  region  from  the  total  airframe 
force.  This  model,  shown  in  Figure  2-8,  consists  of  a simple  flat  plate 
comprising  the  area  bounded  by  the  three  nozzles. 

2.2  SUPERSONIC  V/STOL  MODEL  - The  supersonic  V/STOL  aircraft  model.  Config- 
uration 3,  is  a 2-D  planform  model  based  on  a configuration  that  has  either 
one  or  two  lift  fans  in  the  center  fuselage  and  either  one  or  two  lift/cruise 
jets  in  t he  rear,  as  illustrated  by  tile  advanced  designs  shown  in  Figure  2-9. 
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SUBSONIC  V/STOL  FULLY  CONTOUHED  3 D MODEL 

Conltuuraiion  1 


•'  V*rtv»nq.|n 


Parameter 

Subsonic  V/STOL 

Reference  Diameter, 

4.024  in.  (10.221  cm) 

Wing  Planform  Aiea,  Sw 

84.5  in. ^ (545.4  cm^ 

Wing  Span,  b 

21.66  in.  (55.02  cm) 

Wing  Mean  Aerodynamic 
Chord,  c 

4.13  in.  (10.48  cm) 

Tail  Area,  Sj 

17.0  in.  ^ (1031,6  cm^) 

Aircraft  Planform 

Area.  Sp 

159.9  m.  2 (1031.6  cm^) 

C.G.  Location, 

Measured  from  Nose 

Along  Fuselage  Centerline 

12.89  in.  (32.74  cm) 

Overall  Aircraft  Length,  L 

25.52  m.  (64.82  cm) 

Note  OifnensiOns  given  in  rnooM  scjle 


2 Jet 

Oje  - 3.285  in 
(8  344  cm) 


3 Jet 

0ie  = 4 024  in. 

(10.221  cm) 


Configurations 

1,  II,  12,  13,  14, 

2,  21,  22,  23 


Aircraft  C.G.  Location 

Balance  ■ 

2.323  in,  1.0. 
(5.900  cm 

3.24  m. 
(8.23  cm) 
10.06  in, 
(25.55  cm) 


14.56 


12.89  m. 

I (32.74  cm) 


2.323  in.  I D. 
(5.900  cm) 


7.42  in.  21 .66  in. 

| (18  85  cm)  155.02  cm) 


25.52  m.  (64.82  cm) 


(a)  Subsonic  V/STOL 


FIGURE  2-4 

SUBSONIC  V/STOL  MODEL  DETAIL  DIMENSIONS 
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FIGURE  2-5 

SUBSONIC  V STOL  SEMICONTOURED  PLANFORM  MODEL 

Configuration  14 


As  with  the  plan form  subsonic  model.  Configuration  3 was  designed  in  a modular 
fashion  to  allow  testing  with  a vurietv  ot  nozzle  arrangements  and  wing  posi- 
tions, as  shown  schematically  in  Figure  2-10.  Ail  attachment  i-s  provided  to 
s ir.ui  la  to  contouring  on  the  lower  fuselage.  The  majority  ot  LesLs  with  Con- 
figuration 3 were  conducted  with  a three  nozzle  nr  ranger, euL  consist ing  of 
a single  largo  diameter  nozzle  located  in  tiie  center  fuselage  and  two  small 
diameter  nozzles  located  in  the  aft  end.  This  nozzle  arrangement  as  well  as 
the  other  arrangements  and  configurations  are  shown  in  Figure  '2-1  L.  lit  addi- 
tion to  the  nominal  arrangement,  the  model  can  he  configured  (1)  with  large 
diameter  nozzles  in  both  che  center  and  aft  fuselage  and  (2)  with  two  trans- 
verse medium  diameter  nozzles  in  the  center  and  two  small  diameter  nozzles  in 
the  rear.  The  longitudinal  spacing  between  the  tore  and  aft  nozzles  is 
variable  for  both  of  these  alternate  nozzle  arrangements.  Detail  model 
dimensions  are  provided  in  Figure  2-12 

The  wing  height  on  Configuration  3 is  adjustable  to  simulate  low,  mid, 
and  high  positions.  LID's  can  be  installed  on  the  nominal  three  nozzle 
arrangement.  These  LID's,  shown  in  Figure  2-1  1 (e), consist  of  the  two  longi- 
tudinal strakes  and  a lateral  fence. 

2.3  MODEL  INSTRUMENTATION  - The  airframe  models  were  supported,  as  illus- 
trated in  Figure  2-13,  by  a six-component  strain  gave  balance  which  provides 
measurements  of  the  jet-induced  forces  acting  on  the  airframe.  A Task  Mark 
XXLII  1.3  inch  (3.81  cm)  diameter  force  balance,  shown  in  Figure  2-14,  was 
used  due  to  proven  accuracy  in  previous  tests  and  high  frequency  response 
(>  1000  Hz).  The  balance  was  positioned  to  align  the  axial  force  gage,  which 
has  the  lowest  force  rating  (100  lbf),  with  the  lift  axis.  This  provides  an 
accurate  measure  of  the  lift  forces  acting  on  the  airframe  (accuracy  within 
0.23  percent  of  the  maximum  rated  lead). 

The  jet  exhaust  flows  were  simulated  with  high  pressure  air  at  ambient 
temperature.  The  nozzles  of  each  of  the  models  were  non-net i ic  so  as  nol  to 
transmit  any  thrust  force  to  the  force  balance,  thus  increasing  the  accuracy 
of  the  jet-induced  force  measurements.  A radial  clearance  of  0.020  inch 
(0.03  cm)  and  an  active  grounding  detection  system  was  provided  between  the 
outside  diameter  of  the  nozzles  and  Lhe  model.  Lacii  nozzle  was  instrumented, 
as  illustrated  in  Figure  2-13,  to  determine  the  nozzle  pressure  ratio,  jet 
thrust,  and  mass  flow  rate.  The  thrust  cliurac ter  is l ics  oi  each  nozzle  were 
determined  in  and  out  of  ground  effect  in  the  MCA I it  Nozzle  Thrust  Stand.  No 
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FIGURE  2-11 

SUPERSONIC  V/STOL  MODELS 


FIGURE  2-11  (Continued} 
SUPERSONIC  V/STOL  MODELS 


FIGURE  2-11  (Continued) 
SUPERSONIC  V/STOL  MODELS 


Parameter 


Supersonic  V/STOL 


Reference  Diameter,  Dpe( 

4.024  m.  U0. 221  cm) 

Wmg  Planform  Area,  Sw 

130  9 in.  1844  5 cm2) 

Wing  Span,  b 

22.70  in  (57  81  cm) 

Wing  Mean  Aerodynamic 
Chord,  c 

6.24  m.  (15.85  cm) 

Tail  Area 

27  9 m 2 (180.0  cm2) 

Aircraft  Planform 

Area,  Sp 

321.0  in.2  (2071  0 cm2) 

Overall  Aircraft  Length,  L 

35.58  in.  (90.37  cm) 

Note  Dimensions  given  in  model  scale 


SUPERSONIC  V/STOL  MODEL  DETAIL  DIMENSIONS 


600  psi 
Alf  Supply 


substantial  ground  effects  on  the  nozzle  thrust  were  measured  except  at 
heights  substantially  below  typical  gear  heights. 

2.4  TEST  FACILITIES  - The  major  elements  ot  the  test  arrangement  were  the 
Jet  Interaction  Test  Apparatus,  the  Data  Acquisit  ion/Reduct  ion  Systems,  and 
the  Deck  Motion  Test  Apparatus. 

Jet  Interaction  Test  Apparatus  - The  MCAIR  V/STOI.  Jet  Interaction  lest 
Apparatus  (jITA),  Figure  2-15,  consists  of  a 19  inch  (0.48M)  I.D.  settling 
chamber,  two  independent  nozzle  plenum  chambers,  a model  support  beam,  and 
interchangeable  nozzles  mounted  on  the  plenums.  The  JITA  is  located  in  a 
32  ft.  (9.75m)  long  by  19  ft.  (5.79m)  wide  by  2s  It  (7.32m)  high  test  cell, 
as  illustrated  in  F'gure  2-16.  The  large  lesL  cell  eliminates  any  wall 
effects  which  might  influence  the  jet-induced  aerodynamics.  The  JITA  control 
console  for  the  model  exhaust  flows  is  shown  in  Figure  2-17. 

High  'pressure  air  can  be  supplied  con.  Lnuously  from  oUJ  psig  tanks  at 
a rate  up  co  16  lb/sec  to  the  settling  clumber  for  simulating  exhaust  flows. 

The  air  is  heated  to  approximately  100°F.  The  settling  chamber  has  a conical 
spreader  screen  and  two  normal  screens  to  provide  uniform  flow  conditions  to 
the  two  nozzle  plenum  chambers.  No;:2le  pressure  ratios  from  1.1  to  7.>)  can  in- 
tested.  The  plenums  are  provided  with  independently  controlled  pressure 
valves  to  allow  testing  at  different  front  and  rear  nozzle  pressure  ratios. 

This  feature  is  particularly  important  for  some  V/STOI.  configurations  which 
utilize  both  lift  fans  and  lift  jets. 

The  force  balance  is  attached  to  the  support  beam  which  is  centrally 
mounted  off  the  settling  chamber.  The  test  models  are  attached  to  the  force 
balance,  which  locates  then  away  from  the  plenums  (typically  by  one  wing 
span),  thus  minimizing  the  potential  effect  of  the  plenum  blockage  >'ii  the 
induced  flowfield. 

Data  Acquisition/Reduction  Systems  - A six-component  strain  gage  balance 
was  used  to  measure  the  steady  state  and  transient  jet-induced  forces.  The 
steady  state  data,  including  the  nozzle  exhaust  pressures  and  temperatures, 
the  ground  plane  position  and  attitude,  and  the  balance  outputs,  were  recorded 
at  a rate  of  two  samples  per  second  with  a Datum  Model  120  Digital  Data  Acqui- 
sition System  (DDAS)  and  are  filtered  with  a 1U  Hz  filter.  The  DDAS  provides 
signal  conditioning,  amplification,  and  excitation  tor  up  to  40  input  channels. 
The  data  acquisition  console  is  shown  in  Figure  2-18,  The  digitized  data 
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FIGURE  2 18 

DATA  ACQUISITION  CONSOLE  IN  THE  PSTF 


were  recorded  on  magnetic  tape  and  reduced  on  a Scientific  Engineering  Labora- 
tory Model  86  Digital  Computer. 

To  assess  the  dynamic  jet-induced  forces  and  moments,  the  force  balance 
analog  signals  were  recorded  on  a 14  track  FM  tape,  along  with  the  outputs 
from  the  three  ground  plane  potentiometers  and  a computer  time  code.  The 
balance  and  potentiometer  signals  were  also  recorded  on  oscillograph  strip 
charts,  shown  in  Figure  2-19,  for  on-line  monitoring.  A Hewlett-Packard  3451B 
Fourier  Transform  Analyzer,  Figure  2-20,  was  used  off-line  to  digitize  the 
dynamic  data  and  analyze  the  data  statistically.  The  HP5451B  has  a built-in 
analog-to-digital  converter  and  keyboard  controlled  statistical  computations 
such  as  power  spectral  densities  and  autocorrelations.  Time  histories  of  the 
balance  data  can  also  be  provided  for  selected  time  segments. 

Deck  Motion  Test  Apparatus  - The  moving  deck  hardware,  shown  in  Figure 
2-15  and  2-21,  consists  of  a simulated  deck,  a hydraulic  actuation  system,  a 
movable  support  cart,  an  electronic  control  system,  and  electronic/mechanical 
safety  devices.  Two  decks  are  available,  one  measuring  6 x 6 ft  (1.83  x 
1.83  m)  and  the  other  3 x 3 ft  (0.91  x 0,91  m) . The  larger  deck  represents 
an  aircraft  carrier  (CV)  deck  while  the  smaller  deck  represents  the  landing 
platform  of  a non-aviation  type  ship  such  as  a DD963  destroyer.  The  decks 
have  a 2..0  inch  (5.08  cm)  honeycomb  core  with  0.04  inch  (0.10  cm)  aluminum 
skins.  This  provides  a lightweight  structure  for  the  fast  movements  required 
for  simulated  deck  motion  with  small  scale  models  and  the  rigidity  required 
to  avoid  bending.  The  rigid  construction  has  a high  natural  frequency  and 
negligible  deflection  under  maximum  jet  thrust  loading.  The  natural  fre- 
quencies of  the  deck  were  verified  to  be  well  over  100  Hz  by  a Spectral 
Dynamics  Corporation  Real  Time  Analyzer.  In  addition,  static  loads  were 
applied  to  the  deck  at  points  wiiere  jet  thrust  loads  were  experienced  in  the 
program.  The  measured  deflection  at  the  corner  of  the  deck  was  .051  inches 
(0.130  cm)  with  the  maximum  jet  thrust  load,  indicating  the  rigidity  of  the 
deck. 

The  hydraulic  actuator  system  consists  of  a single  rotary  actuator  for 
the  heaving  motion  and  two  linear  actuators,  located  at  right  angles  to  one 
another,  for  pitch  and  roll.  The  drive  arm  connected  to  the  rotary  actuator 
is  attached  to  the  deck  through  a universal  joint.  The  actuators  arc  powered 
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FIGURE  2 21 

DECK  MOTION  TEST  APPARATUS 


bv  <1  single'  30  GPM,  3000  psi  hydraulic  pump  wiili  variable  outpuL  pressure  and 
l'low  race.  The  ground  plane  and  actuators  are  mount. -d  * > n a movable  .support 
cart  maunted  oil  a track.  During  testing,  tin-  earl  is  .securely  anchored  with 
bolt  clamps  through  I-beams  to  the  floor. 

Tile  ranges  for  the  deck  motions  are  as  follows: 

Heave,  +6  in  (15.3  cm)  at  frequencies  up  Lo  1 I i a , wiLii  higher  I requeue ies 
at  lower  amplitudes. 

Translation,  +12  in  (30,5  cin)  maximum  travel  from  a fixed  neutral,  point. 
The  neutral  point  can  be  varied  over  a J 57  in  (4bm)  range 
by  movement  of  the  cart  along  the  tracks. 

Pitch,  +10°  at  frequencies  up  to  3 It/.. 

Roll,  +15°  at  frequencies  up  to  3 lie. 

Derivation  of  these  ranges  and  frequencies  is  discussed  in  Section  3.2. 

The  deck  motion  is  controlled  by  an  electronic  control  system  consisting 
of  a function  generator  for  command  inputs,  servovalves  for  flow  control, 
amplifier  circuit  boards,  and  potentiometers  for  position  indication  to  a 
closed  loop  system.  The  control  console  is  shown  in  Figure  2-22.  The 
control  system,  provides  closed  loop  feedback  position  control  for  accurately 
repeatable  motion,  as  described  in  .Section  3.2. 

The  input  command  signals  can  be  either  a sine  wave,  square  wave.,  ramp 
function,  or  sine  wave  superimposed  on  a ram;).  The  latter  can  be  used  to 
simulate  take-offs  and  landings  with  the  moving  deck.  The  deck  motion  fre- 
quency and  amplitude  are  independent  variable  inputs  to  the  control  system 
for  the  three  degrees  of  freedom.  To  improve  the  static  stiffness  of  the  axes, 
a notch  filter  and  a strain  gage  torsional  load  feedback  circuit  were  incor- 
porated into  the  control  system,  head  and  lag  compensation  circuits  were 
used  to  adjust  the  phase  relationships  between  multiple  axis  notions  and  to 
reduce  position  error. 

Mechanical  stops  and  microswitches  are  supplied  to  prevent  the  deck 
from  striking  the  model.  Such  an  impact  would  cause  considerable-  damage  to 
the  model,  force  balance,  and  deck  apparatus.  The  microswitches  are  Installed 
on  the  pitch  and  roll  actuators  to  sense  an  actuator  over  travel  and  provide 
a signal  to  the  control  system  which  automatically  drives  the  deck  ilWiiV  tO 
the  . ■ itral  point  and  halts  motion.  The  mechanical  stops  are  designed  with 
viscous  dampers  and  rubber  pads  to  absorb  the  kinetic  energy  oi  the  moving 
deck . 

> - 


FIGURE  2 22 

DECK  MOTION  CONTROL  CONSOLE 


Several  modeL  configuration  variables  were  investigated  for  both  the 
Subsonic  and  supersonic  V/STOL  models.  Those  variables  included  the  degree 
of  fuselage  contouring,  the  number  of  nozzles  and  their  arrangement,  the  wing 
height,  and  external  appendages  such  as  lift  improvement  devices.  These 
model  configuration  variables  are  illustrated  in  Figures  3-d  and  3-3.  The 
model  configurations  tested  are  defined  in  Figure  3-4.  The  test  program  is 
summarized  in  Figure  3-5.  A detailed  run  summary  is  provided  in  Appendix  A 
in  Volume  II. 

Since  the  deck  motion  variables  are  unique  to  this  program,  a discussion 
of  the  derivation  of  the  amplitudes  and  frequencies  is  felt  necessary.  The 
amplitudes  and  freqeuncies  were  derived  by  scaling  typical  ship  responses  to 
selected  sea  state  conditions.  The  nominal  design  point  was  Sea  State  3, 
moderate  to  rough  seas,  with  significant  wave  heights  of  4 feet  (1.22  m)  and 
15  knot  (27.8  km/hr)  winds,  Reference  1.  For  landing  platforms  aboard  small 
ships,  such  as  the  DD963  class  destroyer  or  the  FF1052  frigate,  the  maximum 
full  scale  motions  were  estimated  to  he  a heave  of  +8  ft.  (2.44  m.)  at  a maxi- 


mum velocity  of  8 ft/sec  (2.44  m/seo),  a roll  of  + 10°  with,  a period  of  8 
seconds,  and  a pitch  of  +2°  in  4.5  seconds.  These  amplitudes  art  in  good  agree 
ment  with  computed  values  obtained  from  Reference  2.  As  can  he  se«n  from 
results  of  the  Reference  2 computer  program  in  Figure  3-6,  the  response  of  a 
DD963  class  destroyer  to  typical  sea  conditions  is  somewhat  random  in  nature, 
but  at  most  given  periods  of  time  the  response  can  be  represented  fairly  well 
by  a sine  wave.  The  maximum  amplitudes  for  the  deck  notion  simulator  were 
established  by  the  maximum  amplitudes  indicated  in  Reference  2 and  the  tests 
were  performed  with  constant  amplitude,  sinusoidal  motions.  To  allow  tor 
variations  in  aircraft  and  ship  headings  and  speeds,  the  full  scale  conditions 
selected  for  the  design  were  a heave  of  +10  ft  (±3.05  m) , a roll  of  ±15°,  and 
a pitch  of  ±10°  all  with  a period  of  8 seconds . 

The  amplitudes  are  scaled  by  the  nominal  model  scale  factor.  The  . re- 


quencies,  on  the  other  hand,  are  scaled  by  the  inverse 
factor  and  the  ratio  of  the  full  scale  jet  velocity  to 


of  both  the  model  scale 
the  mode!  jet  velocity. 


This  establishes  flowf ield  similarity  between  the  model 


I all 


. ond  i- 


tions.  The  jet  velocities  differ  only  by  the  ratio  of  the  square 
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FIGURE  3-2 

SUBSONIC  V/STOL  MODEL  CONFIGURATION  VARIABLES 
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FIGURE  3-3 

SUPERSONIC  V/STOL  MODEL  CONFIGURATION  VARIABLES 
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CONFIG. 

NO. 

DESCRIPTION 

NOZZLES 

WING 

TAIL 

NO.  ] 

; TYPE  1 

POSITION  | 

Subsonic 

V/STOL: 

1 

3-D  Clean 

3* 

Fan 

Mid 

Low 

High 

11 

3-D  with  Wing  Pods 

3 

Fan 

Mid 

Low 

High 

12 

3-D  with  Complex  Nozzles 

3 

Fan 

Mid 

Low 

High 

13 

3-D  with  3 Sided  LID 

3 

Fan 

Mid 

Low 

High 

14 

Semi-Contoured 

3 

Fan 

Mid 

Low 

High 

2 

2-D  Clean 

3 

Fan 

Mid 

Low 

High 

21 

2-D  with  High  Wing 

3 

Fan 

Mid 

High 

High 

22 

2-D  with  Mid  Wing 

3 

Fan 

Mid 

Mid 

High 

23 

2-D  with  Low  Tail 

3 

Fan 

Mid 

Low 

Low 

/ 

Inner  Region  Plate 

3 

Fan 

Mid 

- 

- 

Supersonic  V/STOL: 

3 

Semi-Contoured 

3* 

1-F.in.2-  lot 

Mid 

Low 

Low 

31 

2-D  Clean 

3 

1-Fan, 2-Jet 

Mid 

Low 

Low 

32 

2-D  with  3 Sided  LID 

3 

1-Fan, 2-Jet 

Mid 

Low 

Low 

33 

2-D  with  Mid  Wing 

3 

1-Fan, 2-Jet 

Mid 

Mid 

Low 

34 

2-D  with  High  Wing 

3 

1-Fan,2  Jet 

Mid 

High 

Low 

35 

2-D  Clean 

4 

2 Fan, 2 Jet 

Mid 

Low 

Low 

36 

2-D  Clean 

4 

2-Fan, 2-Jet 

Forward 

Low 

Low 

38 

2-D  Clean 

2 

2 Fan 

Forward 

Low 

Low 

39 

2-D  Clean 

O 

2 Fan 

Mid 

Low 

Low 

* Configuration  also  tested  with  only  1 
front  nozzle  or  2 aft  nozzles  operating 


FIGURE  3-4  CONFIGURATION  SUMMARY 
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FIGURE  3-6 

SHIP  MOTION  PREDICTIONS  BASED  ON  REFERENCE  2 

temperatures.  Thus,  for  Lvpical  lift  tan  nozzle  exit  conditions  where  the 
full  scale  frequency  of  the  motion  may  bu  1/8  Hz,  tire  model  frequency  required 
is : 


f = — t 

MS  Scale 
Fac  tor 

Deck  motions  were 
1 Hz  and  3 Hz. 


therefore  nominally 


tested 


- (1/ii)  = 2.2  Hz 

yl']00/5G() 

at  2 Hz  witii  selected  tests 


u t 


3.2  TEST  PROCEDURES  - The  test  procedures  followed  during  the  program  were 
established  to  allow  efficient  integration  of  the  static  and  dynamic  testing. 

Static  Hover  Testing  - The  jet  conditions  were  first  set  at  the  desired 
nozzle  pressure  ratio,  utilizing  the  automatic  pressure  valves  and  manometer. 
The  deck  position  was  then  remotely  positioned  to  the  desired  height  and 
attitude,  based  on  calibrations  of  the  rotary  potentiometer  on  the  heave 
drive  arm  and  the  linear  potentiometers  on  the  pitch  and  roll  actuators. 

Once  the  deck  was  properly  positioned,  the  data  acquisition  cycle  was 
initiated  to  acquire  the  force  balance  data  and  the  pressure  data. 

Static  height,  pitch,  and  roll  surveys  were  obtained  in  discrete 
increments  with  the  moving  deck  support  cart  set  at  a particular  position. 


f 


To  obtain  data  over  the  complete  height  range,  three  cart  positions  were 
required.  Generally,  the  static  and  dynamic  data  were  obtained  in  sequence 
at  each  cart  position. 

Dynamic Deck  Mo  Lion  lost  in;;  - Prior  to  establishing  a particular  deck 

motion,  static  iiowr  data  were  obtained  to  provide  a record  of  the  Lest  point 
in  the  computer  printout  as  well  as  the  nozzle  thrust  characteristics.  These 
reference  unto  were  obtained  with  the  deck  at  its  neutral  point.  Thu  desk 
motion  was  then  established  utilizing  the  electronic  control  system, 
calibrated  potentiometers,  peak  voltage  meters,  and  a calibrated  oscilloscope. 
The  motion  in  each  of  the  deck's  three  degrees  or  freedom  was  also  recorded 
on  an  oscillograph  recorder  for  reference  and  to  ensure  uniform  sinusoidal 
motion  throughout  each  test  run. 

The  electronic  control  system,  shown  schematically  in  figure  3-7,  was 
'highly  reliable  and  provided  excellent  control  over  the  deck  motion  waveform 
since  it  was  a closed  loop  system.  Disturbances  caused  by  nozzle  thrust 
loads,  friction,  spurious  electrical  noise,  and  induced  drag  on  the  deck  were 
essentially  eliminated  and  smooth  sinusoidal  motions  resulted.  Kxumpics  of 
the  output  waveforms  for  heave,  pitch,  and  roil  are  given  in  Figure  j-d. 

Once  a desired  deck  motion  was  established,  the  dynamic  data  acquisition 
cycle  was  initiated.  Tills  involved  recording  die  force  balance  outputs, 
the  dock  motion  potentiometer  outputs,  and  a computer  Lime  code  on  two  14 
track  FM  tape  recorder'..  The  analog  data  on  the  tapes  were  frequently  c.necked 
to  ensure  chat  no  data  acquisition  problems  occurred. 

At  the  beginning  of  the  program,  dynamic  data  were  recorded  for  five 
minutes  to  determine  the  record  length  required  for  statistical  analyses. 
Initial  analysis  revealed  that  approximately  two  minutes  of  data  was  suffi- 
cient. Further  post  rest  analyses  indicated  that  since  tiie  dynamic  induced 
force  and  moment  data  are  basically  ci ther  complex  periodic  or  sinusoidal  in 
nature,  acquiring  approximately  30  seconds  of  data  would  be  adequate  in  future 
tests. 
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FIGURE  3-7 

ELECTRONIC  CONTROL  SYSTEM 


Oscillograph  Brush  Recorder  Tiaces 


Deck  Roll 
Angle,  a 
deg 


0 0.5  10  1.5 


Time,  t • sec 


arlKilIt )• 


FIGURE  3-8 

SAMPLE  DECK  MOTION  OUTPUT  WAVEFORMS 


. DATA  INDUCTION  AND  REI’EATAIi  I L ITY 
•let-induced  force  and  moment  data  were  obtained  at  both  static  hover 
conditions  and  at  conditions  with  deck  motion.  Due  to  the  different  means  of 


acquiring  the  data  at  these  conditions,  significantly  different  procedures 
were  used  for  data  reduction.  These  procedures  are  discussed  below, 

4.1  STATIC  HOVER  DATA  REDUCTION  - For  the  static  hover  tests,  data  were 
recorded  and  conditioned  as  described  in  Section  3.1  on  a Datum  Model  120 
DDAS.  The  digitized  data  were  input  to  a Systems  Engineering  Laboratory  Model 
86  computer  to  calculate  die  induced  forces  and  moments  acting  on  the  air- 
frame. The  computer  program  utilizes  a second  order  force  balance  calibration 
consisting  of  a 6 x 6 coefficient  matrix. 

The  lift  was  determined  directly  from  the  single  axial  force  gage.  The 
axial  force  and  the  pitching  moment  were  determined  from  the  two  gages  aligned 
parallel  to  the  model  centerline.  The  side  force  and  the  rolling  moment  were 
determined  from  the  two  gages  perpendicular  to  the  model  centerline.  The 
yawing  moment  was  determined  from  the  moment  element  gage.  All  moment  com- 
putations use  a representative  center  of  gravity  location  for  each  model. 

Following  the  basic  force  and  moment  computations,  the  results  were  non- 
dimensionalized  by  the  thrust  determined  from  the  nozzle  calibrations  and 
the  appropriate  dimension  as  follows: 

Induced  Lift,  Induced  Axial  Force, 

CFNS  - CFAS  = ~ 

Fc  fg 

Induced  Pitching  Moment,  Induced  Side  Force, 


CPMS 


CFYS 


AFY 


F 


G 


Induced  Rolling  Moment, 


CIO  IS 


Induced  Yawing  Moment, 


CYMS 


The  model  height  above  the  deck  was  non-dimensionalized  by  the  equivalent 
nozzle  exit  diameter  which  was  computed  as  follows: 

- 4 At 

Equivalent  Nozzle  Diameter,  ^ — 


where  A = — 

1 m 


K 

T"'  ( D . ) ^ = Total 

J 

j = l 


combined  exit  area  of  all  nozzles 


and  K 


I'.xi.t  d inmeter  of  each  nozzle 
Number  of  nozzles  . 


4.2  DYNAMIC  DATA  REDUCTION  - As  described  in  See  Lion  3.1,  Lhe  dynamic  data 
were  recorded  in  analog  form  on  KM  recorders.  These  data  .ire  input  on  com- 
mand ti>  .(  Hewlett-Packard  345111  Fourier  Analyzer  which  digitizes  the  data 
to  provide  time  histories  or  allow  statistical  computations. 

For  tile  dynamic  data  computations,  the  same  basic  equations  defined  in 
Section  4.1  wore  used  to  compute  the  induced  lift,  pitching  moment,  and  roll- 
ing moment  as  functions  of  time.  The  balance  response  was  more  than  adequate 
to  cover  the  frequency  range  of  interest  (0  to  approx,  20  Hz).  To  verify 
that  the  natural  frequencies  of  the  model /force  balance  system  were  above 
20  liz  and  therefore  would  noL  cause  spurious  signal  interactions,  a Spectral 
Dynamics  Corporation  Real  Time  Analyzer  was  used.  As  can  be  seen  in  Figure 
4-1,  the  natural  frequencies  were  above  the  range  of  interest. 


Ver  ticai 
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Model  Frequencies  (Hi) 
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Configuration  1 
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1.  Vertical  (Lift) 
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142.0 

2.  Lateral  (Side) 

33.8 
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26.4 
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40.4 

20.2 
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40.2 
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5.  Roll 

52.6 
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6.  Yaw 

25.6 

15.6 

26.6 

FIGURE  4-1 

MODEL  NATURAL  RESONANCE  FREQUENCIES 
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The  basic  statistical  complications  primarily  utilized  in  this  investiga- 
tion wore  tlu'  power  spectral  density  (TSD),  and  Lhi1  cross  power  clr.il 
density  (USD)  which  are  def  ined  in  Figure  4-2.  The  auto  correlation  and 
the  cross  correlation  were  used  to  a limited  extent  but  are  also  defined. 

4.J  DATA  Rlll’bATAlllL 111’  - As  dismissed  in  Section  3.1,  deck  position,  atticud 
and  motions  were  set  precisely  resulting  in  repeatable  output  force  and 
moment  data.  An  example  of  the  repeatability  of  the  static  induced  lift  for 
the  subsonic  V/STOL  configuration  is  presented  in  Figure  4-3.  Typical  repeat 
ability  of  the  dynamic  induced  lift  data  for  a heaving  deck  is  shown  in 
Figure  4-4  for  the  supersonic  configuration.  Good  repeatability  is  apparent 
for  both  the  static  hover  and  the  dynamic  data. 
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Subsonic  V/STOL  ■ Height  Effects 


5.  DISCUSSION  OS  RESULTS 


The  jcr-induced  aerodynamics  of  V/STOL  aircraft  in  hover  over  a moving 
deck  were  experimentally  investigated.  The  effects  of  a number  of  V/STUI.  air- 
craft configuration  variables  applicable  to  subsonic  and  supersonic  designs 
were  evaluated  parametrically,  both  at  static  hover  and  dynamic  deck  motion 
conditions.  The  data  obtained  at  static  hover  conditions,  which  are  presented 
in  Section  5.1,  indicate  the  general  aerodynamic  characteristics  and  serve  as 
a basis  of  comparison  for  the  data  obtained  with  dynamic  deck  motion. 

The  dynamic  force  and  moment  data  presented  in  Section  5.2  indicate  the 
effects  of  deck  heave,  pitch,  and  roll  on  the  induced  forces  and  moments. 

Ttie  frequency  content  and  the  phase  relationships  between  the  sinusoidal  deck 
motions  and  the  aircraft  responses  are  also  discussed.  Based  on  the  static 
and  dynamic  data,  V/STOL  aircraft  design  and  testing  guidelines  are  defined. 
Empirical  methods  of  predicting  the  dynamic  response  to  deck  motion  are 
described  in  Section  5.3. 

5.1  STATIC  HOVER  DATA  - The  jet-induced  aerodynamic  data  obtained  at  static 
hover  conditions  at  fixed  heights  and  deck  attitudes  provide  a significant 
technology  base  for  evaluating  V/STOL  aircraft  configuration  effects  as  well 
as  for  indicating  the  basic  jet  induced  aerodynamic  trends  which  can  be  expected 
with  deck  motion. 

Static  hover  data  are  presented  for  both  subsonic  and  supersonic  V/STOL 
configurations.  Emphasis  was  placed  on  the  Induced  lift  characteristics  since 
this  is  the  critical  performance  parameter  for  V/STOL  aircraft.  However, 
induced  pitching  and  rolling  moment  data  are  also  presented  as  functions  of 
height  for  the  basic  configurations  and  as  functions  of  deck  pitch  and 
roll  where  the  variations  in  the  moments  become  significant.  Measurements 
were  also  made  of  induced  side  force,  axial  force  (drag),  and  yawing  moment, 
but  variations  in  these  parameters  were  insignificant  and  are  therefore  not 
presented  in  Volume  I.  All  of  the  static  induced  aerodynamic  data  are  pre- 
sented in  plotted  form  in  Appendix  B in  Volume  II  of  this  report. 

5.1.1  Subsonic  V/STOL  Configuration  - The  basic  advanced  subsonic  V STOI. 
aircraft  configuration,  shown  in  Figure  2-3,  represents  a three-nozzle,  low 
wing  vehicle  with  a forebody  mounted  lift  fan,  and  two  lift^cruise  fans  with 
tilt  nacelles  mounted  over  the  wing.  The  cent igurat ion  variables  include 
model  surface  contour,  nozzle  arrangement,  lift  improvement  devices  (LTD's), 
stores,  wing  height  and  nozzle  vectoring  vanes.  The  test  variables  include 
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Iietght  above  the  deck,  deck  pitch  and  roll  ,mKli , deck  size,  nuzzle  pressure 
ratio,  and  thrust  bias. 

Effect  of  Height.  - The  jet-induced  aerodynamic  lift  lor  the  lolly  con- 
toured (3-D),  three  nozzle  subsonic  V/STOl,  model  is  shown  in  Figure  3-1;  1. 

Close  to  tlie  deck,  near  gear  height,  ground  jet-induced  entrainment  causes  a 
lift  loss  of  approximately  3 percent  of  the  net  thrust.  Further  away  from 
the  deck,  at  a height  of  two  equivalent  nozzle  diameters  (ll/D.^  = 2,  approxi- 
mately 14  ft  or  4.3m  full  scale),  the  induced  lift  peaks  at  about  ..3  percent 
lift  gain.  Out  of  ground  effects  (above  30  ft  or  13.2m  full  scale),  no 
fountain  forms  and  only  a minimal -induced  -lift  loss  of  0.3  percent  results 
from  freo-jet  flow  entrainment  over  the  aircraft  surfaces. 

The  relative  strengths  of  the  fountain  and  suckdown  are  clearly  indicated 
in  Figure  5- lb,  where  separate  measurements  of  the  fountain  strength  are  show:, 
from  rests  of  an  inner  region  plate  model  (Figure  2-7).  Since  the  fountain 
upwash  flow  is  concentrated  in  the  inner  region,  i.e.  the  area  bounded  by  the 
three  nozzles,  the  induced  lift  in  this  region  is  representative  of  the  fountain 

strength.  An  estimate  of  the  suckdown  forces  is  computed  by  subtracting  the 
fountain  force  from  the  net  induced  lift  measured  with  the  complete  if  . frame 
model.  As  shown  in  Figure  5-lb,  this  three  nozzle  arrangement  has  a moderately 
strong  fountain  which  results  in  a peak  lift  gain  of  5 percent  at  a height  of 
1.5  nozzle  diameters. 

Effect  of  Deck  Pitch  and  Roll  Angles  - The  induced  lift  and  pitching 

moment  for  trie  3-D  model  are  shown  in  Figure  5-2  as  a function  o‘‘  deck  pitch 

angle.  Close  to  the  deck,  induced  lift  and  pitching  moment  vary  significantly 

with  pitch  angle.  Further  away,  at  an  ii/D.  of  5 (35  ft  or  10..  m lull  scale)  ana 

J v 

above , induced  lift  and  pitching  moment  are  insensitive  to  pile,  angle. 

Similarly,  close  to  the  ground  induced  lift  and  rolling  moment  van' 
significantly  with  deck  roll  angle,  as  shown  in  Figure  5-3.  As  with  pitch., 
roll  angle  has  little  effect  at  a height  of  five  diameters  and  above. 

Effect  of  Deck  Size  - As  described  in  Section  3,  two  ground  planes  were 
used  to  simulate  two  different  sizes  of  ship  decks,  one  3x3  ft  (0.9J  x 0.91m) 
representing  the  small  landing  platform  on  a DD963  class  destroyer  and  the 
other  6 x 6 ft  (1.63  x l.S3m)  representing  the  landing  deck  on  a conventional 
aircraft  carrier. 
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FIGURE  5-1  (Concluded) 

SUBSONIC  V/STOL  STATIC  HEIGHT  EFFECTS 


Subsonic  V/STOL  • Pitch  Effects 
Configuration  1 NPR  - 1.5 


FIGURE  5 2 

SUBSONIC  V/STOL  STATIC  PITCH  EFFECTS 


Subsonic  V/STOL  - Roll  Effects 
Configuration  1 a = 0 NPR  = 1.5 


Induced  Rolling  Moment  CRMS 


At  static  hover,  the  hock  size  has  little  effect  on  the  induced  lift, 
as  shown  in  Figure  5-4.  This  is  also  the  case  at  various  discrete  deck  roll 
and  pitch  angles  as  well  as  for  the  responses  to  dynamic  deck  mol  ion.  These 
data  are  presented  in  the  Appendices  II  and  (1  in  Volume  11. 

For  th's  program,  the  aircraft  models  were  centered  directly  over  Un- 
dock. Thus,  the  impinging  jet  flows  and  subsequent  recirculating  flowfields 
were  similar  for  boLh  deck  sizes.  Other  interactions  may  be  more  significant 
for  the  small  landing  platform  due  to  the  proximity  of  the  superstructure  and 
the  greater  likelihood  that  all  of  the  jets  do  not  impinge  directly  on  the 
deck  surface.  Since  the  small  deck  offers  more  potential  problems  affecting 
V/STOL  operations,  the  3 x 3 ft  deck  was  used  for  the  majority  of  the  tests. 

Effect  of  Model  Surface  Contouring  - An  important  objective  of  this 
investigation  was  to  determine  the  degree  of  configuration  simulation  required 
lor  jet/lift  interaction  testing.  The  subsonic  configuration  was  tested 
(1)  as  a fully  contoured  model,  (2)  as  a semi-contoured  half  model  with  con- 
toured lower  fuselage  and  raised  tall,  and  (3)  as  a simplified  2-D  pianform 
nodol.  The  results  shown  in  Figure  5-5,  indicate  the  effects  of  body  contour 
details  on  t tie  induced  lift. 

Similar  trends  are  indicated  in  the  data  for  each  of  these  models,  with 
the  peak  induced  lift  occurring  at  nearly  the  same  height.  However,  the 
pianform  models  have  a significantly  higher  induced  lift  in  ground  effect. 

The  semi-contoured  model  has  a higher  induced  lift  near  gear  height,  but  at 
1.5  nozzle  diameters  and  above  the  results  agree  with  the  fully  contoured 
model.  A contouring  effect  is  apparent  on  the  pianform  models  up  to  an  H/D 
of  5 . 

Company  funded  studies  performed  on  a similar  pianform  model  instru- 
mented with  numerous  surface  pressure  taps,  Reference  3,  showed  that  most  of 
the  fountain  force  is  concentrated  between  the  two  rear  nozzles  rather  than 
near  the  central  fountain  region.  Thus,  the  increment  between  the  induced 
lift  of  the  3-D  and  pianform  models  is  attributed  to  differences  in  contouring 
in  the  region  of  fountain  impingement.  The  3-D  model  has  upward  curvature  in 
this  region,  thus  producing  a weaker  force  than  on  the  pianform  model.  The 
semi-contoured  model  has  a portion  of  this  region  contoured  and  thus  provides 
better  agreement  with  the  3-D  model.  These  results  indicate  that  although  a 
simple  pianform  model  car.  be  used  in  low  cost  conf lgurat ion  screening  tests, 
some  form  of  contoured  model  is  required  for  obtaining  accurate  induced 
aerodynamic  data  in  ground  effect. 
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FIGURE  5-4 
EFFECT  OF  DECK  SIZE 


On  the  planform  mode],  testing  was  conducted  with  the  horizontal,  tail  in 
the  same  plane  as  the  wing  and  fuselage  and  also  in  an  elevated  plane,  as  on 
the  contoured  models.  Placing  the  horizontal  tall  in  the  lower  plane  reduces 
the  induced  lift.  This  is  attributed  to  a slight  increase  in  s unknown  on  the 
aft-end  due  to  the  proximity  of  the  tail  to  the  rear  nozzles.  The  necessity 
of  placing  the  wings  and  tails  in  the  proper  plane  on  a planform  model  is 
therefore  believed  to  be  dependent  on  the  location  01  the  nozzles  relative 
to  these  surfaces. 

Effect  of  Lift  Improvement  Devices  and  Stores  - The  fountain  upwash 

momentum  can  be  effectively  converted  to  positive  lift  on  the  airframe 

through  the  use  of  properly  designed  lift  improvement  deviv.es  (LU)'s)  mounted 

on  the  lower  fuselage,  as  shown  in  Figure  5-6.  The  I ID's  act  to  stagnate 

the  impinging  fountain  flow  and  redirect  ir  downward,  providing  an  increased 

lift  up  to  an  H/D.  of  abouL  2.  Near  the  deck,  where  lift  is  especially 
)0 

critical  to  V/STGL  aircraft  mission  performance,  the  Lib's  improve  the  in- 
duced lift  dramai ically , more  than  10  percent.  Although  a V/STOL  aircraft 
cannot  perform  a VTO  with  more  payload  than  it  can  hover  with  out  of  ground 
effect  (OGE),  the  substantial  lift  gain  can  be  used  fo  provide  rapid  accel- 
eration through  the  ground  effects  region  and  to  offset  any  adverse  effects, 
such  as  result  from  exhaust  gas  ingestion.  To  minimize  the  drag  penalty  in 


wing-borne  flight,  the  lateral  fence  of  the  LID  could  be  retractable. 

The  LID's  are  also  effective  even  at  high  roll  angles  as  shown  in 
Figure  5-7.  The  induced  lift  remains  positive  over  most  of  the  range  in- 
dicating that  the  LID  span  is  sufficient  to  capture  the  majority  of  the 
fountain.  As  shown  in  Figure  5-8,  the  rolling  moment  is  adversely  affected 
at  an  H/D^  = 0.8,  presumably  due  to  the  impingement  of  the  fountain  on  the 
longitudinal  strakes. 

Pods  were  installed  along  the  lower  wing  surfaces  to  simulate  aircraft 
stores.  These  improved  the  induced  lift,  but  only  near  the  deck,  as  shown  in 
Figure  5-9.  The  pods  trap  the  fountain  upwash  flow  in  a manner  similar  to 
LID's,  but  there  is  no  lateral  fence  to  contain  the  flow.  Also,  the  pods 
tested  do  not  extend  between  the  two  re.ar  nozzles,  where  the  highest  fountain 
momentum  exists. 

Lffect  of  Wing  Height  - Increasing  the.  wing  height  on  the  planform  mode  1 
increases  the  induced  lift  2 to  i percent  close  to  the  deck,  as  shown  in 
Figure  5-10.  This  is  attributed  to  a reduction  in  suckdown  on  the  wing  sur- 
face. It  should  be  noted  that  the  nozzle  exit  plane  remained  constant  in 
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Lhe  san*.'  pi. mo  as  the  low  win,:  lor  these  tost:;.  OuL  ot  or.  u.ui  proximlLv, 
the  wing  hoi piit  hail  no  effect. 

HI  loot  of  Nozzle  Atrangciiicn t - The  number  and  arrangement  oi  nozzles  has 
a pronouneed  etfeet  on  induced  lift,  as  shown  In  Figure  5-11  lor  the  3-11  model. 
When  only  one  jeL  (the  forward  lilt  Ian)  is  operating,  no  fountain  forms  and 
the  induced  lift  consi.sLs  only  of  suckdowu,  resulting  in  an  8.5  percent  lift 
loss  at  gear  height.  For  the  two- jet  conf igurat  ion , representing  a dual  tilt 
nacelle  design,  increased  s uokdown  occurs,  which  overcomes  the  weak  fountain 
formed  between  the  jets.  This  results  In  a lift  loss  of  10  percent  of  the 
thrust  at  gear  '■  ;ht.  On  the  three-jet  configuration,  a fairly  strong  foun- 
tain forms  whir  suits  in  a lift  loss  of  only  3 percent  at  gear  height  and 

a peak  litt  gain  of  nearly  2 percent  at  an  li/D  of  2. 

F.Lfect  of  Nozzle  Simulation  and  Operation  - Accurate  simulation  ol  the 
nozzle  geometry,  the  airframe  geometry  near  the  nozzle  exits,  and  the  exhaust 
1 low  conditions  is  particularly  important  in  order  to  provide  realistic 
results,  since  flow  entrainment  is  strongest  in  the  region  of  high  jet  velo- 
cities. The  effects  on  the  Induced  li't  of  adding  pitch  and  yaw  vanes  and  a 
hub  eenterbody  to  the  front  nozzle  and  yaw  vanes  to  the  rear  nozzles  are 
presented  in  Figure  5-12.  The  complex  nozzles  were  found  to  reduce  the 
induced  lift  near  the  dock  by  as  much  as  2 percent.  From  the  company  funded 
study  on  a similar  model  that  was  pressure  i ust  r ui.iciu.e-u  (Reiuteuce  3),  the 
louvers  and  vanes  were  found  to  alter  the  flowfield  stagnation  areas,  thus 
Inhibiting  t low  ir.to  the  inner  region  and  reducing  fountain  strength. 

Increasing  tne  nozzle  pressure  ratio  (Nl’K)  iron  a typical  lift  fan  value 
of  1.1  with  subsonic  nozzle  flow  to  a direct  lift  jet  condition  with  choke. J 
flow,  Nl’R  o-  2,0,  reduces  the  induced  lift  near  Lhe  ground  approximate! v 1 
percent,  as  shown  in  Figure  3-13.  No  effect  is  seen  OCR.  The  efiect  of 
nozzle  pressure  ratio  indicates  that  testing  with  the  proper  full  scale 
nozzle  exit  Muon  number  and  exhaust  :„.i;..eiitum  is  requited  to  obtain  an  .i-.uir- 
i"  Simulation  oi  .lu  re  i r : . 1 1 1 . 1 1 i ng  i lovt ield  and  the  induced  aerodvn.unics . 

‘ n.,  jerit”  oi  t!ii  tests  with  tne  subset  ic  conf  igurat  i«»n  were  conducted  with 

a M'i<  oi  j . 3 , represent  lug  an  advanced  lilt  lan  propulsion  svst.z.m, 

1 lie  i nd  a.  ed  lilt  is  > .'.i  •"  si-i:  i i t j vt-  L Lhe  L i i r us  t split  lirtwi.fi  tin 
'iill  I an)  'a.'  it;  i : i • : - . re  i se  fan!  nozzles,  as  shown  in  Figure  • l'i . 

A sp.it  witii  s-.fii-w!,.!  I , i i ' * i it  tii. oi  if  percent  oi  the  tin  ust  pr-"/ i ded  hv  tne 
I ere!). 'dv  Jilt  tun  nival-.  1 he  - -p  l i :ti:  . ■tinaicd  to  till-  n •rtinai  design  vii'ic 
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Subsonic  V/STOL  ■ Wing  Height  Effects 
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Subsonic  V/STOL  ■ Nozzle  Pressure  Ratio  Effects 
Configuration  1 u = 0°  7 ■ 0° 


5.1.2  Supersonic  V/STOL  Con  f lgurn  t ion  - The  supersonic  V/STOI.  config- 
urations investigated  (Figure  2-10)  represe.  l a variety  of  advanced  designs. 
The  primary  configuration  represents  either  a three-  or  four-nozzle  vehicle 
with  either  a single  or  dual  forward  lift  fan(s)  and  two  vectoring,  aft  lift/ 
cruise  jets.  An  alternate  configuration  represents  a two-nozzle  vehicle  with 
a single  forward  lift  fan  and  a single  aft  lift  fan,  each  driven  by  a turbo- 
fan engine  mounted  over  the  wing.  The  configuration  variables  included  model 
surface  contouring,  nozzle  arrangement  and  spacing,  LID's  and  wing  height. 

The  test  variables  included  height  above  the  deck,  deck  pitch  and  roll  angles, 
and  thrust  bias.  It  should  be  noted  that  these  -s  were  conducted  at  the 
same  heights  as  for  the  subsonic  V/STOL  configur.  '.on.  The  heights  are  non- 
dimensionalized  by  the  equivalent  jet  diameter,  which  varies  for  each  con- 
figuration. 

Effect  of  Height  - Induced  lift  characteristics  at  static,  hover  condi- 
tions for  the  three-nozzle  supersonic  V/STOL  model  with  a contoured  lower 
surface  are  presented  in  Figure  5-15.  The  suckdown  is  substantially  greater 
than  for  the  subsonic  configuration,  since  the  ratio  of  planform  area  to  total 
jet  exit  arc  i was  approximately  5 tines  larger.  In  addition,  the  rear  jets 
are  much  closer  together,  reducing  the  fountain  strength.  Thus,  at  gear 
height,  the  induced  lift  loss  is  approximately  20  percent  of  thrust,  and  OGE 
approximately  2 percent.  Other  data  obtained  in  this  program  and  ir*.  MCA  IP, 
company  funded  studies  indicate  the  lift  loss  for  this  conf igurat ion  is  highly 
dependent  on  nozzle  arrangement  and  geometry,  with  substantially  lower  lift 
loss  occurring  for  certain  configurations. 

Effect  of  Deck  Pitch  and  Roll  Angles  - The  induced  lift  and  pitching 
moment  data  for  the  three-nozzle  semi-contoured  model  are  presented  in  Figure 
5-16  as  a function  of  deck  pitch  angle.  Induced  lift  is  relatively  insensi- 
tive to  pitch  angle,  even  close  to  the  deck.  This  occurs  since  the  fountain 
strength  is  relatively  weak.  PiLching  moment  on  the  other  hand  is  sensitive 
to  pitch  angle  at  an  H/D.  of  1.7  (7  ft.  or  2.1m  full  scale)  or  less. 

je 

The  deck  roll  angle  has  only  a slight  effect  on  induced  lift  and  rolling 
moment  IGE  as  shown  in  Figure  5-17,  also  due  to  the  weak  fountain.  The 
induced  rolling  moment  tends  to  be  destabilizing,  since  increasing  the  roll 
angle  Increases  the  rolling  moment.  Rolling  the  deck  pushes  the  fountain 
to  the  opposite  side  ol  the  Juselage,  thus  inducing  more  roll  on  the  airframe. 
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ment of  the  nozzle  exits  relative  to  the  airframe. 

Kffoct  of  Thrust  Bias  - The  ei feet  of  thrust  bias  between  the  lift  fan 
nozzle  and  the  aft  1 i f L V.  m i so  nozzles  was  investigated  at  static  hover  con- 
ditions. ihese  results,  shewn  in  figure  > — ] ;J , indicate  i.iiat  the  induced  lilt 


lift  is  insensitive  te  thrust  bias  OGh. 
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planform  taodei  is  shown  in  figure  ’>-21.  The  Mil's  increase.  Liu-  induced  lift 
by  8 percent  at  gear  height,  which  is  a substantial  increase,  but  the  suck- 
down  still  dominates.  decent  company  funded  tests  on  t similar  can f i gnral i an 
indicated  that  careful  tailoring  of  the  width,  length,  depth,  and  placement 
of  the  l.ID's  can  increase  the  induced  1 ift  by  as  much  as  JO  percent  of  thrust. 
Thus , the  design  of  Lae  1 ewer  f use  l age  and  the  i near  pern  l ion  oi  HP's  -leu'd 
be  given  careful  attention  early  in  the  design  oi  a V SK'i.  aircra : t.  As  or, 
the  subsonic  conf  igura  t Lon , Lite  hill's  are  ofiecLive  at  fell,  as  shown  by 
the  increases  in  lift  in  figure  s-jJ . No  adverse  olivets  on  the  roiling 
moment  arc-  apparent  in  figure  i'-2T. 

effect  of  Win,;  Height.  - Kaisiiig  tile  in.;  o:l  tile  pi  .inform  mode  1 was  : o.iiu 
la  i -.prove  the  itidu.  e.i  lift  i>y  •>  ju-r.-i.-iU  .1  the  tiirusL  at  gear  height,  an 
shown  in  i i geii-  a-.:-.  A.-,  witii  the  subsonic  e->nf  i gur.it  Lon,  Liiis  i.-.  cue  t.  : im 
reduction  in  sin  kdaw-.i  .-:i  tiu-  v;in>;.  V.;  ng  height  had  no  effect  OnK . 
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FIGURE  5-21 

SUPERSONIC  V/STOL  WITH  LIFT  IMPROVEMENT  DEVICES 
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Klicct  nl  No.’./.K'  Ai  raiu;i.';;irii[  and  Spacing  - Nozzle  arrangement  and  spacing 
has  a signil  icant  influence  an  1 1 it.-  induced  avVi-dviunias,  In  addition  l<>  the 
three-no  zz  1 e.  conf  igurat  1 on  il  i .-.cussed  above  , a l mi  r-nozz  la  design  ( i;  i gu  io  2-llg) 
and  a two-nozzle  das  i gn  ( F i guro  j-nf)  wore  invest  igated. 

Increased  induced  lift  is  evident  for  the  faur-nezz  1 e pi  .-inform  config- 
uration In  Figure  3-25.  The  increase  is  attributed  to  less  suckdown  and  a 
stronger  fountain.  The  suckdown  is  lower  her. -ui.se  the  nozzles  are  nearer  the 
edge  oi  the  plant orm,  causing  less  area  to  he  affected  f ron  entrainment  by  the 
ground  jet  flows.  in  addition,  moving  the  front  lift  fans  forward  to  increase 
the  spacing  results  in  a 2 to  5 percent  higher  induced  lift  ICM  at  the.  same 
nominal  thrust  split.  No  variations  in  thrust  bias  were  investigated  on  the 
four-jet  configuration. 

The  induced  lift  and  pitching  moment  data  for  the  four-jet  supersonic, 
plan  form  model  with  the  front  lift  fans  in  the  mid  location  are  shown  in 
Figure  5-26  as  a function  of  deck  pitch  angle.  Close  to  the  deck,  lift  and 
pitching  moment  vary  significantly  with  the  pitch  angle,  due  to  the  stronger 
fountain  compared  to  the  three-jet  configuration.  Pitch  angle  has  little 
effect  OGE.  Similarly,  induced  lift  and  idling  moment  vary  significantly 
with  deck  roll  angle  1GE , but  not  OGE,  as  shown  in  Figure  3-27. 

Ihe  induced  lift  IGF , presented  in  Figure  5-22,  ‘or  the  two-nozzle  con- 
figuration are  similar  to  those  for  the  font — jet  configuration,  even  though 
the  feur-jet  configuration  has  a stronger  fountain.  Increasin';  the  spacing 
between  the  two  nozzles  increases  the  induced  lift  by  nearly  2 percent.  How- 
ever, even  OGE  the  induced  lift  is  approximately  1.5  percent  higher  than  for 
the  three-  and  four-jet  configurations.  A 50/50  thrust  split  appears  to  he 
optimum  as  shown  in  Figure  3-29. 

Induced  lift  and  pitching  moment  of  the  two-jet  model  are  sensitive  to  pitch 
angle  near  the  deck,  as  shown  in  Figure  5-ih.  Induced  lift  and  rolling  moment 
are  less  sensitive  to  deck  roll  angle  IGF  than  on  the  lour-jet  configuration 
but  are  more  sensitive  than  on  the  three-jet  model  as  shown  in  Figure  5-31. 

3.2  DYNAMIC  DECK  MOTION  EFFECTS  - The  primary  objective  of  this  program  was 
to  investigate  the  effects  of  the  heaving,  pitching,  and  rolling  mot 'on  of  a 
simulated  landing  platform  on  the  jet- induced  aerodynamics  of  both  subsonic 
and  supersonic  V/STOL  aircraft  designs.  Dynamic  tests  were  performed  with 
simple  one  degree  ot  freedom  motions,  such  as  heave,  and  with  combined  mo- 
tions, such  a;;  heave  and  roll.  The  response  of  the  aircraft  models  to  the 
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FIGURE  5-27 

4 JET  SUPERSONIC  V/STOL  STATIC  ROLL  EFFECTS 
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dock  motion  was  used  to  establish  tin.1  frequency  content  ni  the  data  and  the 
phase  r e 1 a t ionsh i p biUvoii  Lhe  motion  and  the  response.  The  e!  let  is  oi 
Select  oil  cisnt  tnur.il  ion  variables  .mi  the  dvn.imic  response.1,  were  also  inves- 
tigated. The  dvnamie  jet- induced  lor.o  and  moment  data  are  presented  in 
their  entirety  in  Appendix  < in  Volume  Ii  ob  this  report. 

5.2.1  Dynamic  .let-induced  Force  and  Moment Dalai  - Tests  were  performed 

at  scaled  deck  motion  frequencies  and  amplitudes  which  bracketed  values  pre- 
dicted from  Reference  2.  For  example,  for  a DD% 3 class  destroyer  in  a rough 
sea  the  scaled  frequency  is  about  1.5  Hz  and  the  scaled  amplitude  is  about 
one  equivalent  nozzle  diameter  (about  7 ft  or  2. In  full  scale). 

In  this  study,  induced  force  and  moment  data  were  examined  for  five 
second  time  segments  randomly  selected  from  the  dynamic  data  records,  which 
were  nominally  two  minutes  in  length  to  allow  statistical  analyses  as 
described  in  Section  5.2.2.  As  with  the  static  hover  data,  discussed  in 
Section  5.1,  emphasis  is  placed  on  presenting  induced  lift.  However,  the 
effects  of  the  deck  pitch  and  roll  angles  on  the  induced  moment  data  as  well 
as  the  induced  lift  are  presented.  In  addition,  most  of  the  data  presented 
are  for  the  subsonic  configuration. 

Response  to  Deck  Heave  - The  influence  of  deck  heave  on  the  induced  lift 
of  the  fully-contoured  subsonic  model  is  shown  in  Figure  5-32.  The  heave 


amplitude  was  1.5  ^ at  2 Hz,  with  the  neucral  point  set  at  the  height  for 

maximum  induced  lift  (H/D.  = 2).  Thus,  the  height  of  Lhe  model  above  the 

J ^ 

deck  varies  sinusoidally  from  an  H/D.  of  0.5  to  3.5.  The  induced  lift 

je 

response  is  of  a complex  periodic  nature,  but  is  fairly  repeatable,  consider- 
ing the  highly  turbulent  nature  of  the  flowfield.  It  should  be  noted  that 


for  each  of  the  dynamic  data  presentations,  the  deck  motion  is  shown  properly 

aligned  with  the  aerodynamic  response. 

At  a typical  gear  height,  H/D  of  0.7,  the  lift  loss  is  about  3 percent 

of  the  net  thrust.  As  the  deck  moves  away  from  the  model,  the  induced  lift 

reaches  a peak  level  near  H/D.  of  2.0  and  then  begins  to  decrease  as  H/D. 

je  * je 

approaches  3.5.  However,  when  the  deck  approaches  the  model,  peak  lift  is 
higher  at  an  H / D ^ ^ of  2.  This  increase  in  lift  (approximately  2 percent)  is 
attributed  to  a compression  or  increased  cushioning  effect  in  the  fountain 
region  due  to  the  velocity  of  the  deck  (approximately  6.3  fps  or  1.9  m/sec.  max). 

The  inner  region  plate  model  described  in  Section  5.1.1  enables  the 
separate  evaluation  of  Lhe  heaving  motion  on  the  fountain  forces.  In  dynamic 
tests  with  the  inner  region  plate  model,  the  same  incremental  increase  in 
the  fountain  force  occurs  with  approaching  deck  motion  as  with  the  complete 
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model.  These  results,  shown  in  Figure  5-33,  support  the  conclusion  that  the 
increased  litt  effect  with  approaching  deck  motion  is  associated  primarily 
with  the  fountain. 

The  induced  lilt  is  influenced  at  certain  heights  to  a slight  degree  by 
the  frequency  of  the  deck  motion,  as  seen  in  Figure  5-34,  where  .lata  are  pre- 
sented for  both  1,  2,  and  3 Hz.  A larger  difference  is  apparent  at  3 Hz  be- 
cwoon  the  induced  lift  values  for  heave  toward  and  away  from  Liie  model.  This 
is  attributed  to  the  change  in  peak  deck  velocity  and  the  modified  compression 
effect  in  the  fountain. 

The  decrease  in  the  induced  lift  variation  with  heave  amplitude  is  shown 

in  Figure  5-35  for  an  H/D  of  2.  The  reduced  response  is  apparent  at  a heave 
' ' Je 

amplitude  of  0.5  0 

Je 

Response  to  Deck  Pitch  and  Roll  - For  small  ships,  the  roll  is  generally 
the  motion  having  the  highest  frequency  and  amplitude,  and  thus,  may  have  the 
most  impact  on  V/STOL  aircraft  operations.  For  example,  the  DD963  class  ship 
can  respond  to  a rough  sea  condition  with  a roll  of  approximately  +10°  and 
a full  scale  period  cf  about  8 seconds  (Reference  2).  The  deck  pitch  is  of 
much  smaller  magnitude,  generally  around  +2°.  However,  for  this  study  equal 
pitch  and  roll  amplitudes  were  investigated,  since  it  was  assumed  that  the 
V/STQL  aircraft  could  land  or  take-off  at  any  orientation  relative  to  the  deck. 

The  induced  lift  and  rolling  moment  variations  for  +2°,  +6°,  and  +10° 
of  deck  roll  are  presented  in  Figures  5-36  and  5-37  fwr  the  subsonic  config- 
uration at  an  H/Dje  of  2.  A significant  induced  lift  loss  occurs  for  roll 
angles  greater  than  +2°.  This  is  attributed  to  a loss  in  the  fountain  lift 
as  the  impingement  point  moves  off  the  centerline  toward  the  side  further 
away  from  the  deck  and  to  the  upward  slope  of  the  fuselage  relative  to  the 
deck.  The  lift  loss  is  accompanied  by  a destabilizing  rolling  moment,  which 
is  primarily  caused  by  fountain  impingement  on  the  wing.  With  dynamic  motion, 
the  impingement  oscillates  back  and  forth  from  one  wing  to  the  other. 

The  effects  of  deck  roll  are  highly  sensitive  to  height  as  shown  in 

Figure  5-38,  where  the  induced  lift  and  rolling  moment  data  are  presented  for 

+10°  roll  at  H/D.  values  of  0.8  and  5.  Adverse  effects  are  negligible  at 
— je 

an  H/D.  of  5. 
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FIGURE  5-33 

INDUCED  LIFT  ON  INNER  REGION  PLATE  FOR  HEAVING  DECK 
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SUBSONIC  V/STOL  INDUCED  ROLLING  MOMENT  FOR  ROILING  DECK 
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attitudes  relative  to  the*  dock.  This  is  attributed  to  increased  suokdown 
near  the  two  rear  nozzles  and  all-end,  which  are  nearer  the  deck  at  positive 
pitch  angles. 

The  induced  pitciting  moment  tends  to  become  more  negative  (nose  down)  with 
negative  pitch  angle,  probably  due  to  an  increase  in  suckdown  on  Lite  fore- 
bodv  and  movement  of  the  fountain  impingement  point  aft. 

As  with  deck  roll,  the  adverse  effects  of  deck  pilch  are  negligible  at 

an  11/  0 . oi  5.  This  is  illustrated  in  Figure  5-41  where  the  induced  lift  and 

jo 

pitching  moment  are  presented  for  +10°  pitch  at  H/D  values  of  0.8,  2 and  5. 

Based  on  the  effects  of  deck  pitch  and  roll  discussed  above,  a pre- 
ferred aircraft  orientation,  particularly  during  recovery  operations,  may  be 
derived.  Since  deck  motion  in  the  roll  axis  of  the  aircraft  lias  more 
impact  on  the  lift  and  stability,  alignment  of  the  aircraft  roll  axis 
with  the  ship  pitch  axis  would  appear  to  be  favorable  due  to  the  lower 
amplitude  pitching  motion  of  snips. 

Response  to  Combined  Motions  - Tests  were  performed  with  various  com- 
binations of  heave,  pitch  and  roll  motions  to  measure  the  jet-induced  aero- 
dynamic response  of  the  aircraft  to  the  complex  flow  fie  Ids  established  under 
these  conditions.  The  effect  of  the  phase  angle  between  the  motions  was 
also  investigated  (e.g.,  the  roll  and  pitch  motions  were  tested  in  phase  and 
90°  out  of  phase).  Most  of  the  tests  were  made  on  the  subsonic  configuration 
at  an  H/D.  of  2. 

The  lift  response  to  combined  heave  and  roll  motions  is  presented  in 
Figure  5*42.  The  heave  amplitude  was  1.5  D.  and  the  roll  amplitude  +10°,  both 

It 

at  2 Hz.  A lift  loss  of  approximately  6 percent  occurs  near  a rvpira]  gear 
height . 

Responses  to  combined  heave  and  pitch;  pitch  and  roll;  and  heave,  pitch, 
and  roll  are  presented  in  Figures  5-4'j  through  5-45  . Each  sec  of  data 
indicates  a fairly  well  defined,  repeatable,  complex  periodic  response  to  the 
combined  motion.  Thus,  the  response  to  complex  motions  is  not  random,  but 
follows  a consistent  pattern. 

Limited  tests  were  performed  with  heaving  motion  super imposed  on  a height 
variation  to  simulate  vertical  take-off  and  landing  maneuvers.  The  height  varu 
t ion  (or  variation  of  the  deck  neutral  point)  was  accomplished  using  a ramp  iuuc 
Lion  generator  for  the  height,  plus  a sine  function  generator  for  the  heave . 

A partial  trace  of  the  induced  lift  response  taken  in  a height  range  from  H/i) 
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SUBSONIC  V/STOL  INOUCED  LIFT  FOR  HEAVING  AND  ROLLING  DECK 
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of  2 to  5 with  a heave  amplitude  of  approximately  1.0  I).  is  shown  in  Figure 

ie 

5-46.  The  results  simulate  a vertical  laud  lap  at  a descent  rate  ol"  0.06 

Ips  (or  U.018  m/sec) , which  is  considerably  less  than  actual  dcsceni  rates 

(about  3 fps  or  0.9  m/sec.).  However,  the  results  art?  more  clearly  indicated 

at  this  rate.  Data  tor  higher  rates  are  also  available  in  Appendix  C.  The 

induced  lift  variation  shown!  in  Figure  5-46  indicates  an  increase  in  lift  as 

the  deck  height  approaches  tin  H/I).  ot  2,  and  is  generally  consistent  with 

j e 

the  data  obtained  for  motions  about  fixed  points. 

Configuration  Effects  - The  effects  of  overall  aircraft,  design  (subsonic. 

versus  supersonic),  nozzle  arrangement,  lift  improvement  devices,  and  fuselage 

contouring  were  also  examined.  Induced  lift  data  are  presented  for  a heave 

amplitude  of  1.5  D at  an  H/D.  of  2.  The  effects  of  the  selected  configura- 
je  je 

tion  variables  are  generally  consistent  with  those  observed  in  the  static 
hover  data  at  a given  height. 

The  three-no2zle  subsonic  planform  configuration  is  compared  to  the 
three-nozzle  supersonic,  planform  configuration  in  Figure  5-47.  Substantially 
different  induced  lift  variations  are  apparent  since  the  subsonic  configura- 
tion has  a relatively  strong  fountain  and  low  suckdovn  whereas  the  suckdown 
dominates  the  supersonic  configuration. 

The  effectiveness  of  the  I.ID's  in  improving  the  lift  characteristics  of 
the  subsonic  configuration  IGE  can  be  readily  seen  in  Figure  5-48.  The 
maximum  induced  lift  of  approximately  12  percent  is  even  larger  than  that 
measured  in  static  hover  tests  due  to  the  increase  in  the  cushioning  effect 
when  the  deck  is  approaching  the  model.  The  results  for  rolling  motion  in- 
dicate that  the  LID's  are  effective  even  at  high  roll  angles,  consistent 
with  the  static  data  results.  These  data  are  given  in  Appendix  C. 

The  fuselage  contouring  effects  on  the  induced  lift  can  be  readily  seen 
in  Figure  5-49  for  the  subsonic  configuration.  The  largest  difference  is 
near  the  deck  neutral  point,  H/D^  of  2,  and  as  explained  in  Section  5.1,  is 
attributed  to  the  difference  in  curvature  in  the  region  between  the  two  rear 
nozzles.  This  is  the  region  of  the  strongest  fountain  momentum  and  the 
resulting  net  lift  on  the  fully-contoured  model  is  reduced  due  to  the  upward 
curvature  of  tiie  lower  fuselage. 

5.2.2  Frequency  Content  and  Phase  Relationship  of  the  Dynamic  Data  - 
The  frequency  content  of  the  aerodynamic  response  to  the  deck  motion  was 
assessed  statistically  by  performing  a power  spectral  density  analysis.  Since 
the  induced  force  and  moment  data  were  found  to  bo  stochastic  complex  periodic 
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FIGURE  6-49 

SUBSONIC  V/STOL  FUSELAGE  CONTOURING  EFFECTS  FOR  HEAVING  DECK 


data  and  aot  non-stationary  fandom  data,  substantially  less  than  the  two 
minutes  of  data  acquired  are  actually  necessary  to  assess  the  fro  uency  content . 

The  phase  relationship  nr  lag  time  betwct'n  the  input  deck  mm  : on  and  the 
output  aerodynamic  response  was  obtained  from  Che  cross  power  spei t i il  density. 
Limited  auco  correlations  and  cross  correlations  verified  that  the  major  aero- 
dynamic responses  measured  were  of  a periodic  nature  similar  to  the  input 
motion  and  that  the  responses  correlated  with  the  motion. 

A power  spectral  density  (PSD)  analysis  of  the  induced  lift  data  is  pre- 
sented in  Figure  5-50,  reflecting  responses  to  heaving  motion  (amplitude  of 

1.5  D.  ) with  the  neutral  point  at  an  H/D.  of  2 on  the  fully  contoured  sub- 
je  je 

sonic  model.  The  PSD  indicates  that  the  major  response  is  at  the  f requenry 
of  the  deck  motion,  in  this  case  2 Hz  (about  0.1  Hz  full  scale).  Lesser 
responses  are  apparent  at  multiples  of  tills  frequency. 

PSD's  for  deck  motion  frequencies  of  1 Hz  and  3 Hz,  shown  in  Figure  3-51, 
indicate  the  same  results.  Depending  on  the  shape  of  the  lift  loss  curve  and 
the  neutral  point  setting,  a response  at  higher  frequencies  can  result  from 
a given  motion.  For  example,  about  a certain  neutral  point,  a configuration 
may  have  an  induced  lift  variation  with  height  which  has  a local  maximum 
point  in  addition  to  different  end  point  values.  For  heaving  motion,  responses 
will  be  at  the  primary  frequency  (heave  frequency)  and  also  at  twice  the 
primary  frequency.  Examination  of  lift  loss  characteristics  measured  at  static 
hover  conditions  verifies  this  observation. 


in  lift,  as  shown  in  Figure  5-52.  Integration  under  the  PSD  curve  provides 
the  root  mean  square  value  of  the  induced  lift.  Responses  at  higher  frequencies 
are  not  as  apparent  as  in  Figure  5-50,  due  to  the  height  range  covered. 

The  phase  relationships  between  the  input  motion  and  the  ’espouses  were 
analyzed  statistically  using  the  imaginary  portion  of  the  cross  power  spectral 
density  (CSD)  function,  which  is  expressed  in  terms  of  phase  angles.  These 
phase  angles  were  correlated  with  aircraft  height  to  illustrate  the  change  in 
phase  angle  with  distance.  Results  are  shown  in  Figure  5-53. 

As  expected,  the  phase  angle  lags  increasingly  with  the  height  above  the 
deck.  The  phase  angles  can  be  expressed  in  terms  of  a lag  tine  as  well.  The 
results  indicate  essentially  an  instantaneous  response  to  the  deck  notion  when 
the  model  is  near  t he  deck.  The  slope  of  phase  angle  versus  height  remains 
nearly  constant  for  heaving  motion  with  different  configurations.  However, 
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FIGURE  5-50 

SUBSONIC  V STOL  INDUCED  LIFT  PSD  RESPONSE  TO  HEAVING  DECK 
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SUBSONIC  V STOl  INOUCED  LIFT  PSD  RESPONSE  WITH  FREQUENCY  VARIATIONS 
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RESPONSE  PHASE  ANGLE  WITH  HEIGHT  VARIATIONS  FOR  HEAVING  DECK 


configuration  dependence  Is  seen  for  deck  rolling  motion  at  different  heights 
as  shown  in  Figure  5-54. 

To  further  examine  the  frequency  content  and  phase  relationship  of  the 
data,  classical  linear  frequency-response  methods  wore  applied.  Tin-  deck 
frequencies  wore  varied  from  1 to  3 Hz  at  several  heights  for  sinusoidal 
heaving  motions  representing  full  scale  periods  of  ahout  fi  to  20  seconds. 

The  resulting  amplitudes  and  phase  angles  of  the  induced  aerodynamic  response 
are  presented  for  the  subsonic  configuration  in  Figure  5-55  in  a conventional 
Bode  diagram  format.  The  ratio  of  response  to  deck  motion,  given  in  decibels 
has  a constant  gain  factor  as  shown  by  the  data.  The  phase  angle,  given  in 
degrees,  changes  only  slightly  over  the  frequency  range  indicating  a trans- 
portation lag. 

The  transfer  function  of  the  aerodyriamioally  coupled  system  is  nearly 
constant,  thus  indicating  that  this  is  a simple  proportional  system  and  that 
varying  the  frequency  from  1 to  3 Hz  has  little  effect  on  the  response.  It 
should  be  noted,  however,  that  the  transfer  function  is  generated  from  a 
statistical  value  of  the  response,  and  thus  may  nor  reflect  frequency  effects 
at  certain  instances  in  time.  This  would  include  the  frequency  effect 
observed  due  to  heave  in  Figure  5-34.  The  gain  factor  for  the  amplitude  does 
change  with  height  (Figure  5-55)  and  is  configuration  dependent.  Similar 
results  also  apply  to  deck  rolling  motions  as  shown  in  Figure  5-56  for  the 
supersonic  V/STOL  configuration. 

It  should  be  noted  that  the  frequencies  tested  are  relatively  low,  and 
that  an  amplitude  roll  off  could  be  expected  at  higher  frequencies,  but  such 
frequencies  would  be  well  beyond  the  range  of  realistic  ship  motions. 

5.3  EiiPIRICAL  PREDICTION  PROCEDURES  - An  objective  of  this  program  was  to 
develop  empirical  procedures  for  the  prediction  of  the  induced  force  and 
moment  variations  with  deck  motion.  Past  efforts,  both  analytical  and  experi- 
mental, have  been  directed  toward  development  of  procedures  for  static  hover 
conditions.  One  3uch  analytical  study,  performed  under  contract  to  HA DC  by 
MCAIR,  involved  the  development  of  methodology  for  the  prediction  of  the  jet- 
induced  aerodynamics  of  multi-jet  V/STOL  aircraft,  both  in  and  out  of  ground 
effect.  The  results  of  this  program  arc  reported  in  Reference  4.  Currently, 
the  methodology  provides  reasonable  results  for  the  suckdown  forces  but  the 
fountain  impingement  model  overpredicts  the  resultant  lift  force. 
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RESPONSE  PHASE  ANGLE  WITH  HEIGHT  VARIATIONS  FOR  ROLLING  DECK 
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A significant  quantity  of  empirical  Information  was  required  to  develop 
the  Reference  A methodology,  particularly  relative  to  tlu*  entrainment  of  the 
jets  and  the  fountain  formation.  Areas  where  additional  data  are  needed  to 
improve  the'  procedures  are  indicated  in  Reference  a.  It  is  further  noted  that 
the  comp  rehens ive  theoretical  prediction  of  the  complex  tlowfields  and  the 
resulting  induced  aerodynamic  forces  for  arbitrary  V/STOI.  configurations  is 
several  vears  off,  even  for  static  hover  conditions.  Such  a method  would  be 
invaluable  as  a screening  tool  and  efforts  are  continuing  in  this  area  at 
MCAIR  under  both  contracted  and  company  funded  programs.  However,  complemen- 
tary efforts,  relying  more  heavily  on  experimental  induced  aerodynamic  data 
are  necessarv  at  this  time  to  develop  rapid  prediction  procedures  for  static 
hover  conditions  and  to  address  additional  factors  such  as  the  effects  of  deck 
motion,  wind,  and  superstructure.  This  program  supplied  substantial  data  for 
both  static  hover  conditions  and  deck  motion. 

5.3.1  Prediction  of  Deck  Motion  Effects  from  Static  Hover  Data  - The 
parametric  induced  aerodynamic  data  given  in  Section  5.1  provide  the  capa- 
bility of  predicting  the  induced  forces  and  moments  acting  on  configurations 
similar  to  those  investigated  for  static  hover  conditions.  The  data  can  be 
used  to  predict  the  effects  of  height,  pitch,  and  roll,  nozzle  arrangement  and 
spacing,  LID’s,  and  many  other  V/STOL  aircraft  design  variables  applicable 
to  both  subsonic  and  supersonic  configurations.  Further,  the  static  dar.a 
can  be  used  to  ptedict  the  induced  aerodynamic  response  to  deck  motions  by 
assuming  that  the  motion  is  quasi-steadv  state.  This  can  be  accomplished 
for  a given  deck  motion,  which  may  be  complex  periodic  in  nature,  by  deter- 
mining cite  deck  height,  pitch,  or  roil  angle  variation  with  time  and  obtain- 
ing from  the  static  hover  data,  the  corresponding  variation  in  the  induced 
aerodynamic  characteristics  of  interest. 

Since  the  deck  motion  was  well  defined  in  this  program,  the  attitude  or 
position  of  the.  deck  at  any  particular  time  can  be  determined.  Thus,  the 
notion  can  be  defined  by  a series  of  discrete  points.  The  induced  force  and 
moment  variations  can  then  be  evaluated  from  plots  of  the  static  hover  data. 
Comparisons  of  the  induced  litt  were  made  for  heave,  pitch,  and  roll  at  a 
neutral  point, H / D . of  2,  for  both  the  subsonic  and  supersonic  conf igurat ions . 

1 td 

In  addle  ion,  comparisons  were  made  of  tin-  induced  rolling  and  pitching 
moments  for  the  angular  deck  motions. 
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Based  on  the  static  hover  data  obtained,  it  was  also  possible  to  gene rate- 
comparative  predictions  for  some  of  the  combined  motions.  These  comparisons 
were  made  for  combined  heave  and  roll  and  combined  pitch  and  roll  both  in 
phase  and  out  of  phase.  The  combined  motions  particularly  indicate  some 
rather  significant  differences  from  the  static  predictions. 

. ive,  Bitch,  and  Roll  - Subsonic  V/STOL  Configuration  - The  comparison 
of  L..I-  static  hover  prediction  with  dynamic  data  for  heaving  motion  is  pre- 
sented in  tiie  time  domain  in  Figure  5-57,  The  results  are  in  fair  agreement, 
wiLh  the  exception  of  Lhe  increased  fountain  cushion  effect  which  occurs  ns 

the  deck  approaches  the  model  from  the  maximum  height  of  3,5  L).  . The  diii'er- 
■I  ■ • je 

once  is  more  clearly  shown  by  presenting  the  comparison  as  a function  of 
height  as  in  Figure  5-5U  . This  comparison  was  Je  by  fairing  a curve 
through  a series  of  discrete  points  selected  from  the  time  history. 

The  static  to  dynamic  comparison  for  the  induced  lift  variation  with 
deck  pitch  is  shown  in  Figure  3-59.  Fairly  good  agreement  is  indicated,  hut 
an  increase  in  lift  from  the  fountain  (approximately  1 percent)  with  dynamic 
deck  motion  is  apparent.  This  is  attributed  to  the  increased  cushioning 
effect  in  the  fountain  due  to  the  deck  pitching  motion. 

In  Figure  5-60,  a fairly  large  difference  is  seen  between  the  static 
prediction  and  the  dynamic  data  ft  induced  pitching  moment,  the  dynamic  data 
indicating  a more  negative  or  nose  down  pitching  moment.  !ie  negative  pitch- 
ing moment  with  positive  pitch  (nose-up  relative  to  the  deck)  is  attributed 
in  part  to  an  increase  in  the  fountain  impingement  force  between  the  two 
rear  nozzles  due  to  the  compression  effect.  This  has  been  shown  to  be  the 
region  of  highest  fountain  strength  in  Reference  3 and  is  aft  of  the  c.g., 
thus  the  force  on  this  region  provides  a negative  pitching  moment  contribution. 
This  overcomes  the  positive  pitching  moment  contribution  caused  by  the  in- 
crease in  suckdown  on  the  aft  fuselage.  The  negative  pitching  moment  with 
negative  pitch  (nose-down  relative  to  the  deck)  is  attributed  primarily  to 
movement  of  the  fountain  further  aft  of  the  c.g.  than  occurs  at  fixed  deck 
pitch  angles. 

The  static  to  dynamic  comparison  for  deck  roll  is  shown  in  Figure  5-61. 

As  with  pitch  angle,  the  dynamic  induced  lift  variation  is  approximately  1 
percent  higher.  The  induced  rolling  moment  variation  is  also  shown  in  1'icutv 
5-6] . The  dynamic  data  are  not  symmetric  about  the  zero  Level  as  is  tiie 
static  hover  prediction.  This  may  have  been  due  to  a slight  offset  (ab<  t 
0.i°)  in  the  angle,  since  the  rolling  moment  is  very  sensitive  to  roll 
/in.  1 e near  zero  degrees  (see  Figure  5-3b). 
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FIGURE  5-59 

SUBSONIC  V/STOL  STATIC  TO  DYNAMIC  INDUCED  LIFT  DATA  COMPARISON 

FOR  PITCHING  DECK 
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FIGURE  5-60 

SUBSONIC  V/STOL  STATIC  TO  DYNAMIC  INDUCED  PITCHING  MOMENT  DATA 
COMPARISON  FOR  PITCHING  DECK 
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Heave,  Pitch  and  Roll  - Supersonic  V/STOL  Configuration  - Tiie  comparison 
of  the  stacie  prediction  and  the  dynamic  data  for  heaving  niotion  is  shown  in 
Figure  3-b2.  Tlie  induced  lift  is  dominated  by  a Larj;e  suckdown.  Although  the 
minimum  induced  lift  levels  compare  well  at  an  Il/D.^  of  about  0.8,  the 
dynamic  dat.i  reflect  a lift  loss  significantly  higher  than  the  predictions 
(as  much  as  8 percent)  at  values  above  1.6.  This  is  attributed  to  an  in- 

crease in  suckdown  effect  resulting  from  the  rapid  movement  of  the  deck  away 
from  the  model.  This  adverse  effecL  is  not  apparent  on  the  subsonic  config- 
uration, probably  due  to  its  rather  low  suckdown  and  strong  fountain.  Since 
there  is  consistent  evidence  that  there  is  an  increase  in  the  fountain  lift 
with  deck  motion  toward  the  model,  it  is  logical  to  expect  that  there  will 
be  some  decrease  in  lift  when  the  deck  moves  away  from  die  model,  particularly 
when  the  suckdown  dominates  the  induced  lift. 

The  static  to  dynamic  comparison  for  the  induced  lift  variation  with  deck 
pitch  is  shown  in  Figure  3-63.  The  induced  lift  variation  is  more  noticeable 
in  the  dynamic  data  than  in  the  static  hover  data.  Likewise,  the  pitching 
moment  variation  increased  with  deck  motion  as  shown  in  Figure  3-64.  As 
observed  on  the  subsonic  V/STOL  model,  che  induced  lift  is  higher  and  in 
accompanied  by  an  increase  in  the  nose  down  pitching  moment.  The  change  in 
pitching  momenc  with  deck  motion  is  attributed  to  the  same  reasons  as  dis- 
cussed for  the  subsonic  model. 

The  static  to  dynamic  comparison  with  deck  roll  is  shown  in  Figure  5-65. 

As  with  the  heaving  motion,  the  deck  rolling  motion  has  an  adverse  effect 
on  the  induced  lift.  An  adverse  effect  on  the  induced  rolling  moment  also 
occurs,  as  indicated  in  Figure  5-63. 

Combined  Motions  - Actual  sea  state  conditions,  being  of  a complex  periodic 
nature,  cause  a complex  response  from  ships,  as  indicated  in  Reference  2.  To 
evaluate  the  effects  on  induced  lift,  several  combinations  of  heave,  pitch,  and 
roll  motions  were  investigated,  primarily  with  tiie  subsonic  configuration. 

Pred ic tions o f the  induced  forces  and  moments  could  be  made  for  some  cases. 

The  comparison  for  a combination  of  heave  and  roll  is  shown  In  Figure 
5-66  for  an  H/D,  of  2.  The  static  hover  prediction  was  obtained  f r mi  a para- 
metric  plot  of  induced  lift  as  a function  of  roll  angle  for  several  heights 
(Figure  5- 3a).  For  discrete  roll  angles,  the  induced  lift  was  determined  by 
interpolation.  It  can  be  seen  that  the  actual  induced  J Lf  with  < unbilled 
motion  was  lower  than  predicted.  The  extremely  complex,  tecbulent  ilowlieJ  ! 
created  under  sucli  combined  motions  is  be! ieved  to  increase  the  mixing  and 
entrainment  and  therefore,  increase  the  lift  loss.  For  this  case,  the  heave 
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SUBSONIC  V/STOL  STATIC  TO  DYNAMIC  INDUCED  LIFT  AND  INDUCED  ROLLING  MOMENT 
DATA  COMPARISON  FOR  HEAVING  AND  ROLLING  DECK 


and  the  roll  were  in  phase  such  that  the  deck  motion  resembled  a swinging 
door.  To  supplement  -the  induced  lift  comparison,  a comparison  ot  rolling 
moments  is  also  shown  in  Figure  5-6 6.  A fairJv  good  comparison  is  seen. 

The  static  to  dynamic  comparison  for  a combination  of  deck  pitch  and  roll 
in  phase  is  given  in  Figure  5-67.  In  this  case,  the  deck  rocks  diagonally 
from  corner  to  corner  and  the  values  of  the  pitch  and  roll  angles  are  equal 
at  all  times.  Static  tests  were  performed  by  setting  the  deck  pitch  and  roll 
angles  at  equivalent  values.  As  witli  the  combined  heave  and  roll  motions, 
the  combined  pitch  and  roll  motions  have  a more  adverse  effect  on  the  induced 
lift  than  indicated  by  the  static  hover  data. 

Tests  were  also  made  with  the  pitch  and  roll  angles  90°  out  of  phase, 
thus  giving  the  deck  a wobbling  motion.  For  this  motion,  liie  values  of  the 
piLch  and  roll  angles  are  aLways  different,  but  when  either  the  pitch  or  roLl 
angle  is  a maximum,  the  other  angle  is  zero.  Thus,  an  induced  lift  predict  -on 
can  be  made  by  using  the  static  data  obtained  at  the  maximum  values  of  both 
pitch  and  roll.  As  shown  in  Figure  5-63,  the  dynamic  induced  lift  is  sub- 
stantially lower  than  the  static  prediction.  These  results  further  sub- 
stantiate the  adverse  effects  caused  by  the  increased  turbulent  mixing  action 
during  combined  motions. 

To  summarize  the  above  comparisons  of  the  dynamic  and  static  data,  it 
appears  that  predictions  based  on  the  static  hover  data  can  indicate  the 
general  trends  of  the  dynamic  response  to  deck  motion  and  would  probably  be 
adequate  for  trade  studies  early  in  the  design.  However,  the  static  hover 
predictions  are  often  optimistic,  particularly  for  the  more  complex  combined 
deck  motions.  Consequently,  the  static  hover  data  do  not  provide  the  degree 
of  accuracy  desired  for  aircraft  design  development. 

5.3.2  Prediction  Procedures  for  the  Three  Jet  Subsonic  Configuration  - 
The  development  of  generalized  prediction  procedures  of  the  jet-induced  aero- 
dynamics, even  for  static  hover  conditions,  is  complicated  by  the  high  degree 
of  configuration  dependence  which  has  been  observed  in  this  and  many  other 
programs.  Due  to  this  strong  configuration  dependence  and  the  many  signi- 
ficant test  variables  (i.e.  height,  roll,  aircraft  position  relative  to  the 
deck,  etc.),  the  development  of  a generalized  procedure  for  tiie  prediction 
of  the  effects  of  deck  motion  is  believed  to  require  additional  data  at 
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FIGURE  5-67 

SUBSONIC  V/STOl  STATIC  TO  DYNAMIC  INDUCED  LIFT  DATA  COMPARISON  FOR 

PITCHING  AND  ROLLING  DECK 


more  amplitudes,  frequencies,  and  neutral  point  settings  as  well  .is  mere 
fundamental  data  (see  Section  5.3.1).  However,  based  oil  the  dynamic  dat  i 
obtained  for  the  ful 1 v— contoured  subsonic  model,  expressions  of  the  induced 
aerodynamics  have  been  developed  for  selected  deck  motions. 

Since  the  induced  aerodynamic  responses  to  deck  motion  are  generally  of 
a complex  periodic  nature,  a potential  expression  for  the  variations  involves 
a Fourier  series.  For  example,  Lite  induced  lilt  expression  would  be  of  t In- 
form: 
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where  T is  the  fundamental  period,  n is  the  component  frequency,  K.  is  the  high- 
est numbered  coefficient  selected,  and  A and  B are  the  Fourier  series  coef- 

n n 

ficients. 

As  indicated  by  the  power  spectral  densities  in  Section  5,2.2,  the  in- 
duced aerodynamic  re  -ses  to  deck  motion  generally  occur  at  the  frequency 
of  the  morion  and  multiples  of  this  frequency.  Use  of  a Fourier  series 

would  include  term.-,  .or  these  frequency  components. 

Fourier  series  curve  fits  for  the  induced  lift  variation  with  a heave 

amplitude  of  0.5  D.  at  an  H/D.  of  0.8  and  of  1,5  D.  at  an  H/D.  of  2 are 

j e j e .1  e j e 

given  in  Figure  5-69.  An  accurate  fit  of  the  dynamic  data  is  apparent  in  both 
cases.  Tiie  Fourier  series  expressions  include  only  those  terms  corresponding 
to  the  frequencies  of  the  response  indicated  by  die  PSD's.  In  addition,  the 
relative  value  of  each  term  is  proportional  to  tiie  respective  amplitude  in 
the  PSD,  indicating  that  the  Fourier  series  reflects  tiie  correct  power  at 
each  frequency. 

Fourier  series  curve  fits  are  si, own  in  Figures  3-70  and  5-7]  for  tiie 

induced  lift  and  pitching  moment  variations  with  pitch  angle  at  values 

of  0.8  and  2.0.  Similar  curves  are  provided  in  Figures  5-72  and  5-73  for 
the  induced  lift  and  rolling  moment  variations  with  roll  angle.  Additional 
plots  are  provided  in  Figure  5-74  tor  frequencies  of  1 and  3 Hz.  flood  fits 
of  the  data  are  seen  in  each  case,  using  the  terms  in  tiie  Fourier  series 
which  correspond  to  the  response  frequencies  indicated  in  the  PSD's. 

Correlations  were  made  of  the  Fourier  series  coefficients  with  tiie 
a mp 1 ltudes  and  frequencies  of  the  motions.  However,  these  correlations  were 
not  veil  behaved  either  due  to  the  highly  turbulent  nature  of  the  phenomena 
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or  the  inability  to  adequate! v define  the  correlation.  It  is  believed  that 
data  at  mote  amplitudes,  frequencies,  and  neutral  point  settings  would  pro- 
vide consistent  correlations  and  thus,  would  allow  Lhe  definition  of  Liu- 
dynamic  response  to  any  gi>>en  amplitude  of  motion.  Potential  applications 
for  these  formulations  of  tie  dynamic  responses  to  deck  motion  for  a repre- 
sentative V/STOL  configuration  are  in  the  hover  control  system  design  and  in 
piloted  computer-based  simulations  of  the  take-off  and  recovery  operations 
aboard  ship. 

5.3.3  Suggested  Approach  to  the  Development  of  improved  Prediction 
Procedures  - One  area  requiring  improvement  in  the  above  approach,  as  far  as 
general  applicability,  is  to  relate  the  Fourier  expressions  to  the  significant 
configuration  variables  such  as  the  nozzle  spacing,  the  inner  region  area, 
and  the  total  planform  area.  A more  fundamental,  less  configuration  dependent 
experimental  program  would  supply  much  needed  additional  information  relating 
to  the  separate  effects  of  the  important  configuration  variables  and  test 
conditions  on  the  fountain  and  suckdown  forces. 

In  the  Reference  4 study,  it  was  concluded  that  the  fountain  flov.’field 
is  an  area  that  requires  much  further  investigation  to  improve  the  resultant 
force  and  moment  predictions  IGE  at  static  hover  conditions.  In  addition, 
it  has  been  shown  in  this  program  that  the  fountain  may  well  have  the  largest 
impact  on  the  induced  force  and  moment  variations  with  deck  motion. 

The  predominant  impact  of  the  fountain  can  be  demonstrated  by  combining 
the  dynamic  lift  variation  measured  on  the  inner  region  plate  model  (repre- 
senting the  inner  region  of  the  subsonic  model)  with  the  suckdown  prediction 
based  on  static  hover  data  described  in  Section  5.1.  Reasonably  good  agree- 
ment between  this  induced  lift  variation  and  the  dynamic  data  for  the  complete 
model  is  shown  in  Figure  5-75  for  heaving  deck  motion. 

A similar  procedure  was  applied  to  the  induced  lift  variation  with  roll 
angle,  again  combining  the  dynamic  data  from  the  inner  region  model  with  the 
suckdown  variation  with  roll  angle  predicted  from  static  hover  data.  Again, 
fairly  good  agreement  with  the  dynamic  data  for  the  complete  model  can  be 
seen  in  Figure  5-76. 

These  comparisons  imply  that  the  jet-induced  aerodynamic  variations  which 
occur  with  deck  motion  primarily  result  from  the  modified  fountain  cushion 
effect  and  the  fountain  movement  with  angular  motions.  Thus,  a parametric 
test  program  utilizing  2,  3,  and  A nozzle  arrangements  willi  corresponding 
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INDUCED  LIFT  VARIATION  FOR  HEAVING  DECK  BASEO  ON  INNER  REGION  MODEL 


Time,  1 - sec 


OP^i-OMS-Tt 


FIGURE  6 76 

INDUCED  LIFT  VARIATION  FOR  ROLLING  DECK  BASED  ON  INNER  REGION  MODEL 


1 (>;s 


*rr. 


inner  region  place  models  would  supply  significant  information  to  relate  the 
dynamic  force  and  moment  variations  with  Che  Important  configuration  vari- 
ables. By  limiting  the  investigation  to  the  inner  region,  a truly  parametric 
Lest  can  be  performed  without  being  unduly  restricted  by  the  aircraft  plan- 
form  shape,  A corresponding  investigation  on  suckdown  would  also  be  bene- 
i icial  by  determining  the  conditions  for  which  dynamic  deck  motion  affects 
suckdown. 

Th-se  suggested  experimental  efforts,  combined  with  the  results  of  this 
program,  would  provide  the  parametric  data  base  to  allow  the  formulation  of 
generalized  empirical  procedures  for  predicting  the  jet-induced  force  and 
moment  variations  with  deck  motion.  Particular  emphasis  should  be  placed  on 
combined  motions,  which  would  normally  exist  aboard  ship. 


6.  CONCLUSIONS  AND  RECOMMENDATIONS 


Several  significant  conclusions  ..ere  derived  from  this  program  regarding 
the  propulsive  lift  system  induced  aerodynamics  of  V/STOI.  aircraft  at  both 
static  hover  conditions  and  with  deck  motion.  These  conclusions  are  given 
below  along  with  recommendations  for  future  studies. 

6.1  CONCLUSIONS  - The  conclusions  relate  to  the  effects  of  model  configura- 
tion variables  and  deck  motion. 

Planform  Configuration 

o The  three-jet  subsonic  configuration  has  significantly  lower  induced 
lift  loss  than  the  three-jet  supc  . -ic  configuration  primarily  due 
to  a lower  planform  to  jet  area  .. \io  and  a stronger  fountain. 

o The  induced  aerodynamics  of  a configuration  having  a strong 

fountain  are  sensitive  to  deck  pitch  and  roll  in  ground  effect  (IGF.). 

Nozzle  Arrangement 

o Increasing  the  number  and  the  fore  to  aft  spacing  of  nozzles  increases 
the  fountain  strength  and  reduces  the  net  lift  loss. 

o Locating  the  nozzles  close  to  the  planform  edge  or  in  a region  where 
the  adjacent  planform  area  is  small,  reduces  suckdown. 

Nozzle  Slmulatlon/Operatlon 

o Nozzle  vectoring  vanes  and  other  flaw  control  devices  can  increase 
suckdown  and  reduce  the  fountain  strength  which  is  attributed  to  a 
more  rapid  free  jet  decay  rate. 

o Testing  at  the  full  scale  nozzle  pressure  ratio  is  required  to  pro- 
vide the  most  accurate  flowfield  simulation. 

o The  induced  aerodynamics  are  very  sensitive  to  the  thrust  bias 
between  the  fore  and  aft  nozzles. 

Alrframe  Simulation 

o Simulation  of  the  model  lower  surface  contouring,  particularly  in 

the  fountain  impingement  region,  can  significantly  affect  the  induced 
aerodynamics  IGE. 

o Upper  surface  contouring  appears  to  be  unimportant  without  crosswind, 
but  placement  of  the  airframe  surfaces  in  the  proper  plane  relative  to 
the  nozzles  is  advisable. 
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o Simple  flat  plate  planform  models  provide  reasonable  data  trends 
and  Incremental  configuration  effects,  and  thus  can  be  used  for 
economical  preliminary  configuration  studies. 

o Near  typical  gear  heights,  the  induced  lift  increases  with  wing 
height . 

Lift  Improvement  Devices  (LID's) 

o Properly  designed  LID's  can  significantly  enhance  the  induced 
lift  IGE  and  can  he  effective  even  at  high  roll  angles 

Deck  Size 

o The  deck  size  has  no  appreciable  effect  provided  the  model  is  centered 
over  the  deck  and  no  superstructure  is  present. 

Deck  Motion 

o The  responses  of  the  induced  aerodynamics  to  deck  motion  are  of  a 
complex  periodic  nature  at  the  same  and/or  multiples  of  the  deck 
motion  frequency. 

o The  responses  are  essentially  instantaneous  ICE  due  to  the  high 
velocity  jets. 

o Up  to  3 Hz , the  motion  frequency  lias  little  efface  on  the  statisti- 
cal response  as  indicated  by  a nearly  Constant  transfer  function. 
However,  frequency  can  affect  the  instantaneous  response  character- 
istics . 

o The  induced  life  resulting  from  fountain  impingement  increases  as 
the  deck  heaves  toward  the  model. 

o For  a configuration  with  high  suckdovn , a significantly  higher  lift 
loss  occurs  when  the  deck  heaves  away  from  the  model. 

o Deck  roll  produces  a destabilizing  rolling  moment  due  to  the  move- 
ment of  the  fountain. 

o Based  on  tests  with  an  inner  region  model,  the  fountain  appears  to 
have  the  largest  impact  on  the  force  and  moment  variations  witli  deck 
motion . 

Prediction  Procedures 

o Predictions  based  on  static  hover  data  can  differ  s ign  i f i .-ant  1 v from 
actual  dynamic  data  and  often  indicate  lower  lift  loss  and  higher 
moment  variations,  particularly  for  combined  motions. 


o 


The  differences  between  the  static  predictions  and  the  dynamic 
data  are  attributed  primarily  to  increased  turbulent  mixing  and 
modification  of  the  fountain  impingement  forces  due  to  deck  moLion. 
o The  induced  aerodynamic  variations  can  be  accurately  expressed  with 
Fourier  series. 

6.2  RECOMMENDAT IONS  - Based  on  the  results  of  this  program,  the  following 
recommendations  are  given  to  guide  future  efforts. 

o In  the  near  term,  further  detailed  analyses  of  the  established  data 
base  (e.g.,  examination  of  the  individual  force  components  comprising 
the  pitching  and  rolling  moments)  and  supporting  analytical  efforts 
would  supply  useful  information  for  defining  additional  test  and 
analysis  efforts.  Potential  results  of  such  an  effort  could  be  a 
method  for  correcting  static  data  for  single  degree  and  possibly 
multiple  degree  of  freedom  deck  motions, 
o A parametric  test  program  utilizing  2,  3,  and  4 nozzle  arrangements 
wich  corresponding  inner  region  plate  models  is  recommended  to  iso- 
late the  deck  motion  and  configuration  effects  on  the  fountain 
forces . 

o Parametric  data  at  additional  amplitudes,  frequencies,  and  neutral 
point  settings  are  required  to  develop  data  correlations  with 
greater  statistical  confidence. 

o Testing  is  recommended  on  a single  representative  V/STOL  configuration 
with  exact  random  ship  motions  generated  from  Reference  2.  This 
testing  should  be  conducted  for  more  combined  motions  and  should 
include  predicted  aircraft  motions  superimposed  on  the  deck  motion, 
o Investigations  should  be  performed  to  more  clearly  define  the  effects 
of  planform  to  nozzle  area  ratio. 

o Scale  effects  should  be  investigated  by  comparing  small  scale  data 
with  large  scale  data  on  a configuration  such  as  the  Harrier, 
o An  investigation  of  the  effects  of  ship  superstructure  and  the 
associated  turbulence  due  to  crosswind  is  recommended, 
o Effort  should  be  directed  toward  assessing  the  effects  of  aircraft 
position  relative  to  the  deck,  which  results  in  different  jet 
impingement  locations. 
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o A computer  simulation  is  recommended  which  would  include  six 
degree-of-f reedom  equations  of  motion,  a ship  motion  model, 
dynamic  ground  effects,  a ship  superstructure  turbulence  model, 
and  mathematical  pilot  model  or  autoland  guidance  equations. 
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Change  the  ordinate  values  for  the  rolling  moment  from  0.02, 

0.04,  etc.  to  0.002,  0.004,  etc. 

page  114 

Change  0-0°  to  4 » 0*  in  the  description  of  the  test  conditions. 

page  139 

Change  the  ordinate  values  for  the  pitching  moment  from  0.2,  0.4, 
etc.  to  0.02.  0.04,  etc. 
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Reduce  the  amplitude  shown  for  the  sinusoidal  height  variation 
(H/D,  ) from  ±1.5  to  ±1.0  equivalent  nozzle  diameters. 
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Reverse  the  sinusoidal  roll  angle  variation  from  leading  the 
pitch  angle  to  lagging  the  pitch  angle.  The  roll  angle  variation 


